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The interplay between the charge, lattice, spin and orbital freedom degrees 
in transition metal oxides (TMOs) lead to various unique physical and 
electronic properties. Perovskite oxides are one family of transition metal 
oxides that has received a disproportionate amount of attentions because 
of their unique structural compatibility and the large diversity of electronic 
phases. Alkaline earth niobates, such as CaNbO3, SrNbO3 and BaNbO3, 
are typically 4d TMOs of which the physical properties are less understood 
and it is widely accepted that the 4d TMOs would the stronger hybridization 
with oxygen and a weaker on-site Coulomb interaction than that of TMOs 
with equivalent electronic configuration. Therefore, it would be very 
interesting to study the crystal structure, electronic and optical properties of 
alkaline earth niobates (MNbO3 (M=Ca, Sr, Ba)) thin films. 
Recently, a metallic oxide, strontium niobate, has been reported as a novel 
photocatalyst. However, the separation process of efficient electron-hole 
pairs was not explored before. In order to solve this problem, high quality 
single crystal thin films of SrNbO3 substrates were prepared to study the 
intrinsic property of it. The magnitude of free electron density of SrNbO3 is 
on the order of 1022 cm-3, which is extremely large, while the mobility was 
low (~ a few cm2/Vs). We find that the SrNbO3 has large bandgap of ~4.1 
eV and a strong plasmon absorption peak near 700 nm arising from the 
large carrier density. Thus we propose that the hot carriers used in the 
photocatalytic water splitting in SrNbO3 is generated by the decay of 
plasmons via Landau decay. 
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It would be very interesting to study and compare the photocatalytic water 
splitting properties and efficiencies of MNbO3 (M=Sr, Ca, Ba) as all of them 
are in the same group. The photocatalytic efficiencies of MNbO3 follow the 
sequence of CaNbO3 > SrNbO3 > BaNbO3. All the MNbO3 are metallic 
oxides with a very large bandgap of ~4 eV and the plasmon resonance also 
exists with a wavelength near 700 nm in CaNbO3 and BaNbO3 as well. Thus 
the photogenerated hot electrons of all MNbO3 catalysts should be 
generated by the decay of plasmon. The relative performance of the 
photocatalytic activity for different M shows a strong correlation with the 
product of the hot carrier lifetime, solar energy absorption and surface area. 
Single crystal of LiNbO3 can perform nonlinear optical polarizability and is 
an important material for various non-linear optical applications. It would be 
very interesting to study the nonlinear optical properties of MNbO3 with M 
in group II. We found that all MNbO3 thin films show a significant saturable 
absorption property. Thus MNbO3 has a potential to be used as saturable 
light absorbers for high power ultrafast laser systems. 
The strain-induced metal to insulator transition effect in SrNbO3 thin film 
grown on LaAlO3 (100), LSAT (100) and MgO (100) substrates was 
investigated. When the film’s thickness decreases from 15 nm to 5 nm, a 
metal to insulator transition can be observed in the strontium niobate thin 
films. Both free electron density in the conduction band and the position of 
Fermi level of strontium niobate can be tuned by the strain effect. This 
provides a method to modulate the electrical transport property of SrNbO3 
and even other niobates such as CaNbO3 and BaNbO3 without changing 
the oxygen stoichiometry.  
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Chapter 1 Introduction 
1.1 Introduction to transition metal oxide materials  
 Introduction 
Semiconductor are a group of materials having conductivities between 
those of metals and insulators (1). In 1833, Michael Faraday noticed that 
the resistance of silver sulfide decreased with increasing temperature, 
which was very different from the behavior of metals, such as copper (2). 
This special temperature dependent conductivity behavior of semiconductor 
can be well explained by the solid state energy band theory. The metal has 
a band structure in which the Fermi level is located in the conduction band, 
thus it has a large amount of free carriers. While the insulator has a band 
structure in which the Fermi level is located in the bandgap and usually the 
bandgap is quite large that the electrons in the valence band are not easily 
to be excited to the conduction band by thermal fluctuation or light irradiation. 
Though the Fermi level of semiconductor is also located in the bandgap, its 
bandgap is relatively small. Thus the electrons in the valence band can be 
easily excited to the conduction band and become free carriers by thermal 
fluctuation or light irradiation. Because of its unique energy band structure, 
a semiconductor has a lot of unique properties and applications. For 
example, the conductivity of some semiconductors is very sensitive to the 
heat, such as barium titanate (BaTiO3) which has the property that its 
resistance rises suddenly at a certain critical temperature, thus it can be 
applied to the area of self-controlled heaters, circuit protection and 
resistance thermometers (3). Another important property of semiconductor 
is that it can be doped with some impurity elements to produce different type 
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of charge carriers, which can greatly increase the concentration of charge 
carriers. When a doped semiconductor contains mostly free holes, it is 
called p-type semiconductor, while when it contains mostly free electrons, 
it is called n-type semiconductor. Both the p-type region and n-type region 
can exist in a single crystal semiconductor, the interface between the two 
regions is called p-n junction, which is responsible for many useful 
electronic behaviors and is the elementary building block of most 
semiconductor and opto-electronic devices.  
 The demand for novel functional materials 
In the past several decades, semiconductor technology has been one of the 
biggest driving forces of modern industries and information technologies. It 
has changed many aspects of our lives. However, as the transistor size 
reaches nano dimensions, quantum phenomena impose challenges to the 
conventional semiconductor technology. Furthermore, our growing demand 
for energy material, optical material, environment-friendly, user-friendly 
products requires additional functions from novel materials. For example, 
the oxide materials, such as TiO2, have been widely used in the field of solar 
cells, gas sensors photocatalysis and photoelectrochemistry (as 
photoelectrodes) (4-7). However, these materials are still at the stage of 
laboratory research. Though conventional materials are the foundation of 
modern IT technology and human society, it cannot meet the growing 
diverse demand anymore. Another example is the random access memory 
(RAM), which has been widely used in our daily life, such as computers, 
digital cameras and cellphones. The current dominant memory 
technologies are static RAM, dynamic RAM and Flash (8). However, each 
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of these technologies can only do a single thing very well. Thus, in order to 
have a good performance, many electronic systems need all these three 
types of memories increasing system and fabrication complexity. Therefore, 
researchers are studying next generation RAM technologies that can 
combines the best attributes of static RAM, dynamic RAM and Flash. 
Magnetoresistance RAM is one of the most promising candidates for this 
universal RAM. The development of magnetoresistance RAM is strongly 
dependent on the discovery of novel memory material that can exhibit a 
large magnetoresistive effect (9). Thus it is very important to find novel 
materials that have special properties to meet the growing demand.  
 Unique property and wide applications of transition metal oxides  
Transition metal oxide materials are compounds composed of transition 
metals that are bound to oxygen atoms. Transition metal oxides, from binary 
oxides to complex oxides compound, can exhibit a wide range of physical 
properties. The strong correlation in transition metal oxides results in a 
variety of electronic phases. They can be from an insulator to a 
semiconductor or even a metallic oxide. They can exhibit the phenomenon 
of piezoelectrics, ferroelectrics, ferromagnetics and high temperature 
superconductivity. Such phenomena arise from inherent properties of 
transition metal oxides of the complex interaction between the charge, 
orbital, spin and lattice degrees of freedom, as shown in Fig. 1.1. Thus the 
lattice distortion, chemical stoichiometry, cation doping, magnetic field, 
temperature would have a strong effect on the electrical transport, optical, 
magnetic properties of transition metal oxides. Therefore, novel 
multifunctional properties can be found in transition metal oxides. For 
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example, the giant magnetoresistance effect is a quantum mechanical 
effect discovered independently by Albert Fert from the University of Paris-
Sud (France) and Peter Grünberg of Forschungszentrum Jülich in 1988 (10). 
It was observed in the thin films structure composed of alternating 
ferromagnetic and non-magnetic conductive layers. A significant change of 
the resistance would be observed if changing the alignment of the 
magnetization direction of the adjacent ferromagnetic layers. The 
resistance would be low for parallel alignment and high for antiparallel 
alignment. Now this important physical effect has been widely used in the 
field of memory technologies, such as hard disk drive and biosensors. 
 
Fig. 1.1 The interaction between lattice, orbital, charge and spin due to the 
strong correlation and results in correlated phases. 
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The various material forms including ceramics, single crystals and thin film, 
are another advantages of transition metal oxide. It can be a ceramic of 
polycrystal which is very simple to be prepared and some intrinsic property 
will be observable masked by grain boundaries. By the form of single crystal, 
the intrinsic material property could be studied. Thin film form of the 
materials can have well defined dimensions and controllable lattice 
orientations. Moreover, multilayered heterostructures and artificial structure 
could be prepared in thin films form.  
 Perovskite oxides 
Perovskite structure oxide is a family of transition metal oxides which has 
received a disproportionate amount of attention. Perovskite is a calcium 
titanium oxide mineral mainly composed of calcium titanate (CaTiO3), which 
was first discovered by Gustav Rose in Russia in 1839 and named after a 
Russian mineralogist, Lev Perovski (1782-1856). Perovskites structure has 
a chemical formula of ABX3, in which “A” and “B” are the cations with 
different size, “X” is the anions that bonded with “A” and “B”. “A” is generally 
the larger atom than B and forms cuboctahedral coordination (11). The 
cation “B” is surrounded by the octahedron of anions. The perovskite 
structure has a cubic or pseudocubic structure, as shown in Fig. 1.2. Metal 
cations with a wide range of sizes and valences can be located in “A” and 
“B” sites which induces a large diversity of electronic and physical properties. 
Because of the cubic-symmetric lattice structure, the perovskite materials 
have the advantage of structural compatibility allowing them to be stacked 




Fig. 1.2 The schematic diagram of ideal perovskite lattice structure. The blue 
sphere, red sphere and green sphere are A, B and X atom, respectively. The 
surrounding brown octahedron is formed by oxygen atoms, which is the 
fingerprint of perovskite structures. 
The interplay of structural, magnetic and electrical transport properties in 
perovskite structure oxides leads to various physical properties, such as 
ferroelectricity, superconductivity, spin dependent transport. This gives rise 
to a wide range of applications in memory materials, ultrasound imaging, 
microelectronics, photovoltaics, lasers and photoelectrolysis, as shown in 
Fig. 1.3 (12-15). 
 Some typical transition metal oxides 
Strontium titanate (STO) is one of the remarkable perovskite structure oxide 
materials. Its chemical formula is SrTiO3. In its stoichiometric form, SrTiO3 
is a paraelectric insulator. However, it has the ferroelectric property when 
under strain or at low temperature and it can become a metal or even 
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superconductor when doped (16, 17). Therefore, SrTiO3 has somehow 
become the Drosopbila of oxide electronics and physics.  
 
Fig. 1.3 The various properties and applications of perovskite structure oxides. 
Strontium titanate has an indirect bandgap of 3.2 eV and a direct bandgap 
of 3.75 eV. The oxygen vacancies can be easily induced in STO by thermal 
annealing in vacuum or ion milling. The color of pure stoichiometric STO is 
a little gray. It will change from gray to dark blue with the increasing 




Fig. 1.4 The photo of both sides polished SrTiO3 (100) substrate. The 
dimension of substrate shown is 5  5  0.5 mm. 
There will be a phase transition from cubic to tetragonal at 105 K, a 
tetragonal to orthorhombic phase transition at 69 K and orthorhombic to 
rhombohedral phase transition at around 30 K in STO (16, 18). The lattice 
constant is 3.905 Å which is compatible with most of the perovskite 
materials and have been utilized as an excellent substrate for epitaxial 
growth of thin films. The photo of 5  5  0.5 mm STO substrate is shown 
in Fig. 1.4. Strontium titanate can become highly conductive when doped 
with niobium and it is one of the only conductive commercially available 
single crystal substrate for thin film deposition. High quality epitaxial 
strontium titanate thin film has been successfully deposited on silicon 
without forming silicon dioxide that make it possible to integrate other oxide 
thin films on silicon by utilizing STO as a buffer layer.  
Lanthanum aluminate (LAO) is also a typical perovskite oxide material. Its 
chemical formula is LaAlO3. Its crystal structure is a rhombohedral distorted 
perovskite with a pseudocubic lattice parameters of 3.787 Å at room 
temperature (19). Because of the high compatibility of the lattice constant 
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with many oxide materials, LAO is also a widely used substrate for the thin 
film deposition, especially for high temperature cuprate superconductors. 
The twining defects can be easily observed in the polished single crystal 
LAO surface. The crystal phase as it transits from cubic to rhombohedral 
below 875 K, this transition causes a lattice distortion and gives rise to the 
formation of (100) and (110) twining in LAO (20, 21). 
LAO has a wide bandgap of 5.6 eV, thus it is transparent at a wide optical 
range and has become an attractive material for optical research and 
application. Bulk form of LAO has a relatively high relative dielectric 
constant, thus it has been widely used in the infrared and microwave 
devices (22, 23). 
1.2 Photocatalytic water splitting 
In this section, because the photocatalytic property of MNbO3 would be 
explored in depth in this thesis, we will first discuss why we need 
photocatalytic water splitting, followed by a brief history of photocatalytic 
water splitting. The basic principle of photocatalytic water splitting will be 
presented in the following section.  
 Why is photocatalytic water splitting needed? 
Global energy crisis has been a very important issue of modern human 
society since there are limited reserves of fossil fuels. Thus it is more and 
more important to find an alternative energy source. Hydrogen is a clean, 
renewable, and viable alternative to fossil fuels (24). Moreover, hydrogen is 
also an important industry raw material. For example, the industrial 
ammonia synthesis can consume large amounts of hydrogen every year. 
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Currently there are mainly two ways to produce H2: electrolysis and steam-
methane reforming process. Steam-methane reforming process is the 
leading technology to produce H2 in large quantities and is widely used in 
industrial H2 production. It extracts H2 from methane by the chemical 
reaction as shown in reaction formula (1.1): 
 𝐶𝐻4 + 𝐻2𝑂
700−100°𝐶,   𝑁𝑖𝑐𝑘𝑒𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→                     𝐶𝑂 ↑ +3𝐻2 ↑    (1.1) 
The additional H2 will be produced by the subsequent reaction (1.2):  
 𝐶𝑂 + 𝐻2𝑂
𝐶𝑜𝑝𝑝𝑒𝑟 𝑜𝑟 𝑖𝑟𝑜𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→                  𝐶𝑂2 ↑ +𝐻2 ↑  (1.2) 
As we can see, both of the H2 production reactions will have side product: carbon 
monoxide or carbon dioxide. Carbon monoxide and carbon dioxide are the 
greenhouse gases and will have a negative effect on the important issue of global 
warming (25). 
In the method of electrolysis, water is split into H2 and O2 by the electrical 
current of power generator driven by wind, solar, nuclear and biomass and 
other renewable energy source. It is a more environmentally friendly 
method and does not produce any side products compared with the steam-
methane reforming method. Thus the photocatalytic water splitting would 
be an important method to solve both the energy and environmental issues, 
such as electrolysis of water using a solar cell or the photocatalytic or 
photoelectrochemical water splitting (artificial photosynthesis) (26).  
Photocatalytic water splitting has received considerable attention in recent 
years because it is an inexpensive and environment-friendly way (27-37). 
Photocatalytic water splitting is a typical “uphill reaction”, because there is 
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a large positive change in the Gibbs free energy (ΔG=238kJ∙mol-1) (26). 
Thus it is similar to photosynthesis by green plants and regarded as a 
method of artificial photosynthesis. 
 Honda-Fujishima effect and history of photocatalytic water 
splitting 
Research in this field was initiated by the demonstration of 
photoelectrochemical (PEC) water splitting using a single crystal 
semiconductor TiO2 wafer as a photoelectrode with an external bias, as 
shown in Fig. 1.5. When TiO2 is irradiated with UV light irradiation, the 
electrons in the valence band will be excited to the conduction band. Thus 
the photo-generated electron-hole pairs can split water into hydrogen and 
oxygen. Kenichi Honda and Akira Fujishima discovered this effect in 1972. 
So this effect was named Honda-Fujishima effect (38).  
 
Fig. 1.5 The schematic diagram of the photo-electrochemical cell in which TiO2 
is used as the photoanode and Pt as cathode. When TiO2 is under UV 
irradiation, the external bias can drive the photo-generated electrons from 
photoanode to cathode, thus the holes left in TiO2 can oxidize H2O to O2, and 
the hot electrons in Pt can reduce H+ to H2.  
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Honda-Fujishima effect is an important effect in photocatalytic water 
splitting. As we can see in Fig. 1.5, there is a band bending in TiO2 near the 
interface between the TiO2 and electrolyte solution. Thus a Schottky barrier 
will form at the interface which with a large external bias will drive the current 
from TiO2 to Pt (the electrons move from Pt to TiO2). The levels of 
conduction and valence band and Fermi level will move up and an 
accumulation layer will form, as shown in Fig. 1.6 (a). Thus, the circuit will 
be in the conducting state. The electrons from the conduction band of TiO2 
will reduce hydrogen ions to form H2. The oxygen evolution reaction will 
happen on the Pt counter electrode. This is the well-known electrolysis 
water splitting and the absolute value of current will increase with increasing 
external bias. Then if the bias becomes smaller, as shown in Fig. 1.6 (b), 
the energy bands will only move up a little, so a depletion layer will form, 
there will be no current and the circuit will be in the off state. If the external 
bias becomes even smaller, the depletion layer will become thicker which 
has the potential to separate electron-hole pairs, as shown in Fig. 1.6 (c). 
Under UV light irradiation, the electrons in the valence band will be excited 
to the conduction band, leaving holes in the valence band. The electron-
hole pairs will be separated by the potential of depletion layer. The electrons 
will reduce water to form H2 while holes oxidize water to form O2. With a 
large external bias at an opposite direction, an inversion layer will form at 
the interface, which will effectively separate electron-hole pairs. Under 
irradiation of UV light, the photo-excited electron-holes pairs are generated, 
as shown in Fig. 1.6 (d). The electron-hole pairs can be effectively 
separated by the inversion layer and cause photoreduction and oxidation 
reactions, respectively. However, under the same condition, if there is no 
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irradiation, there will be no electron-hole pairs, the circuit will be in the off 
state. 
Fig. 1.7 shows a case that the anode and cathode materials of a water-
splitting PEC cell are directly coupled without an electric circuit, a metal-
semiconductor composite is formed, just like the model shown in Fig. 1.7. 
This composite structure seems advantageous to macro-sized PEC cell, as 
it can be scalable, especially in the form of powder. Here, the metal 
component is generally called the “cocatalyst”, and the semiconductor is 
called the “photocatalyst”. 
 
 
Fig. 1.6 Different status of the PEC cell with different external bias. (a) 
Electrolytic water splitting; (b) no significant current because of the relative 
small potential drop of depletion layer induced by the external bias; (c) PEC 
water splitting with large potential drop of deletion layer when TiO2 is under 




After that, a lot of photocatalysts have been discovered. Domen et al. 
reported that SrTiO3 particles loaded with NiO can decompose water vapor 
(and liquid) stoichiometrically into H2 and O2 under UV irradiation in 1980 
(39). Yasunobu Inoue et al found the BaTi4O9 combined with ruthenium 
oxide shows stable photocatalytic activity in 1992. Yupeng Yuan et al. 
reported that the special electronic structure of BaCeO3 made it a 
noteworthy photocatalyst in 2008 (40). Besides those typical photocatalysts, 
there are also other materials that show photocatalytic properties, such as 
La2Ti2O7, SrNbO3, WO3, BiVO4, Fe2O3, etc. (24, 26, 41-43).  
 
Fig. 1.7 The short-circuit model of a PEC cell which is a typical configuration 
of photo-catalyst. 
 Basic principle and steps of photocatalytic water splitting 
Generally, there are three basic steps in the photocatalytic overall water 
splitting process, as shown in Fig. 1.8. a) In the first step, the photo-catalyst 
absorbs photon energy and generates photo-excited electron–hole pairs in 
the bulk. b) Then in the second step, the electron-hole pairs separate and 
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migrate to the surface without recombination. c) The adsorbed species at 
the surface of photo-catalyst and cocatalyst are reduced or oxidized by the 
hot electrons or holes to produce H2 and O2, respectively (44). 
 




Fig. 1.9 The basic principle of water splitting. In photocatalyst, the bottom of 
the conduction band should be more negative than the H+ reduction potential 
and the top of valence band should be more positive than the oxidation 
potential of H2O to O2.  
For the first step, as we all know, semiconductors have a band structure in 
which the conduction band is separated from the valence band by a band 
gap (1). Under irradiation with an energy equivalent to or larger than the 
bandgap of semiconductor, electrons in the valence band can be excited 
into the conduction band, leaving holes in the valence band. These holes 
and electrons will cause the water splitting reactions, respectively (24). To 
achieve overall water splitting, the bottom of the conduction band must be 
more negative than the reduction potential of H+ to H2, while the top level of 
the valence band must be more positive than the oxidation potential of H2O 
to O2 (1.23 V vs. normal hydrogen electrode (NHE)), as shown in Fig. 1.9. 
Therefore, the minimum bandgap required to drive the photocatalytic 
reaction is 1.23 eV (45). 
 
Fig. 1.10 The relative position between the energy band levels of typical 
semiconductors and redox potentials of water splitting. 
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Fig. 1.10 shows the band levels of some semiconductors at pH=0. The band 
levels usually will shift with the pH value at a rate of -0.059 V/pH for oxide 
materials. The energy band structures of ZrO2, SrTiO3 and TiO2 are proper 
for photocatalytic water splitting when suitable cocatalysts are loaded. CdS 
is good for H2 evolution under visible irradiation in the presence of a proper 
hole scavenger. Similarly, WO3 is excellent for O2 evolution if the electrolyte 
is added with electron acceptor such as Ag+. It should be noted that the 
band structure is only a thermodynamic requirement but not a sufficient 
condition (26). The engineering of band structure is usually necessary for 
the design of visible light photocatalyst. 
The second step involves charge separation and migration of photoexcited 
electrons and holes. In this step, the crystal structure, crystallinity and 
particle size would strongly affect this process. As we all know, defects play 
a role of trapping and recombination centers for the photoexcited electrons 
and holes which will decrease the photocatalytic efficiency. Thus better the 
crystal structure is, less the amount of defects and the recombination 
probability will also decrease. Small particle size can also increase the 
photocatalytic activity because the surface area will increase and the 
distance that electrons and holes migrate to the surface will become short 
(46). 
In the final step, the important factors are active sites, surface area and 
back reaction. If the active sites for the reduction or oxidation reaction do 
not exist at the surface, the excited electrons and holes have to recombine 
with each other even if they have thermodynamically sufficient potentials for 
water splitting (27). Cocatalysts, such as Pt, NiO and RuO2, are usually 
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loaded as active sites for H2 production because the conduction band levels 
of many oxide photocatalysts are not high enough to reduce water to form 
H2. Cocatalysts are usually unnecessary for oxide evolution because the 
valence band is deep enough to oxidize water to form O2. Because it is an 
uphill reaction, back reactions to form water is also easily proceeded by 
reactions between evolved H2, O2 and intermediates. Thus poor properties 
for the back reactions are required for the cocatalyst and photocatalyst.(26, 
44) 
1.3 Thesis outline 
This thesis mainly discusses the crystal structure, electronic and optical 
properties of alkaline earth niobates and their application as photocatalyst 
and saturable light absorber. All relevant contents are divided into chapters 
and listed as follows.  
Chapter 2 introduces the sample preparation and characterization 
techniques. Pulsed laser deposition (PLD) is the main method used in this 
thesis to fabricate the thin film samples. Solid state synthesis technique is 
used to prepare the powder form samples and PLD targets. X-ray diffraction 
and transmitted electron microscopy are utilized to characterize the crystal 
structure. Physical property measurement system is used to determine the 
electrical transport properties. The UV-visible spectroscopy, Z-scan setup 
and transient absorption spectroscopy are the very powerful techniques to 
measure the various optical properties of materials. 
In chapter 3, we will introduce a novel catalyst, SrNbO3, that uses intrinsic 
plasmons. It has the red color and is a new kind of visible light water splitting 
photocatalyst. However, the mechanism of electron-hole pairs separation is 
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not very clear before this work. To better understand the photocatalytic 
mechanism of SrNbO3, we prepared the high quality single crystal thin films 
of SrNbO3 on LaAlO3 substrates by pulsed laser deposition. The 
temperature dependent resistivity curve shows the thin film form of SrNbO3 
is also a metallic material. The carrier mobility is very normal, which is only 
2.47 cm2/(V∙s). However, the magnitude of carrier density is at the order of 
1022 cm-3, which is extremely large. The UV-Visible spectra show that 
strontium niobate has a large bandgap of ~4.1eV and a strong plasmon 
absorption peak near 700 nm, which is also observed by ellipsometry 
spectroscopy. All the reflection spectra can be well fit by the Drude-Lorentz 
model. Thus we propose that the hot carriers could be generated by the 
decay of plasmons. 
In chapter 4, the photocatalytic water splitting efficiencies of MNbO3 （M= 
Ca, Sr, Ba）are compared. We found that the efficiencies of MNbO3 follow 
the sequence of CaNbO3 > SrNbO3 > BaNbO3. Then we prepared the thin 
films of MNbO3 to study the reason of difference in photocatalytic 
efficiencies. We found that all MNbO3 are metallic oxides with a very large 
bandgap of ~4 eV. Based on the fitting results of the optical reflection 
spectra with Drude-Lorentz model, we proposed the hot electrons of all 
MNbO3 catalysts are generated by the decay of plasmons. The relative 
performance of the photocatalytic activity for different M (where the water 
splitting efficiency of CaNbO3 > SrNbO3 > BaNbO3) shows a strong 
correlation with the product of the hot carrier lifetime, solar energy 
absorption and surface area. 
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In chapter 5, the SrNbO3+ films with varying oxygen content, electrical 
conductivity and film thicknesses are studied using spectroscopic 
ellipsometry, transmission electron microscopy, electrical transport 
measurements, and supported by theoretical calculations and density 
functional theory. The results show a surprising observation of a new form 
of correlated plasmons in the insulator-like film. The correlated plasmons 
unusually have multiple plasmon frequencies (~1.7, ~3.0, and ~4.0 eV) and 
low loss (several times lower than gold) in the visible-ultraviolet range. The 
nanometer-spaced confinement of extra oxygen planes causes an 
increased Coulomb repulsion among the electrons. The correlated 
plasmons are tunable: They will diminish and ultimately vanish as extra 
oxygen plane density or film thickness decreases.  
The chapter 6 discusses the nonlinear optical properties of MNbO3 (M=Ca, 
Sr, Ba) thin films. We prepared the single crystalline thin film of MNbO3 on 
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrate of which the crystalline quality 
was determined by X-ray diffraction. Then the Z-scan technique was utilized 
to characterize the nonlinear optical properties of these thin films by 
excitation light with the wavelength of 800 nm. Significant saturable 
absorption property was observed for all these thin films. This suggests that 
all these materials could be used as the saturable light absorber in pulsed 
lasers. 
In chapter 7, we studied the strain-induced effect on the electrical transport 
property of strontium niobate. An obvious metal to insulator transition can 
occur on the strontium niobate thin films grown on LaAlO3 (100), LSAT (100) 
and MgO (100) substrates when the film’s thickness decreases from 15 nm 
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to 5 nm. The X-ray diffraction results show that strain exists for the first few 
unit cells of strontium niobate thin films. This means that the strain can tune 
the electron density of states near the Fermi level in strontium niobate. 
Chapter 8 summarizes the outcome of this thesis and provides some 
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Chapter 2 Sample preparation and characterization 
techniques 
2.1 Solid state synthesis 
Complex oxide materials in the form of polycrystalline solids, such as SrTiO3, 
LaMnO3, La1-xSrxMnO3 are usually synthesized by the solid state synthesis 
method. It is the most commonly used method to prepare polycrystalline 
crystals from a mixture of solid starting materials by heating at high 
temperatures (1000°C to 1500°C) (1). The most commonly applied 
techniques for solid state synthesis are a) ceramic method, b) sealed tube 
(pipe) method (reaction), c) synthesis under controlled (special) 
atmosphere, d) solid–state synthesis under high-pressure. Of these 
ceramic method is the most widely used way of preparation of metal oxides. 
It is based on the thermal treatment of compacted powder of two or more 
non-volatile solids. In order to get a higher reaction rate and fewer phases 
of the target material, the contact area should be large and diffusion path of 
the reactants should be short. Thus well ground mixtures of the starting 
materials should be used if possible. The sealed tube method usually will 
be applied if the direct reaction under ambient conditions (in air) cannot be 
carried out due to the problems such as volatility of reactants, air sensitivity 
of the starting materials or products or the formation of a compound with a 
pure metal. This method could also be carried out with metal capsules 
sealed by welding. The method of synthesis under controlled atmosphere 
is generally used to obtain the oxidation, inert, or reduction atmosphere as 
required by the product material by a fixed gas flow rate of O2, Ar or N2, CO 
/ CO2 or H2 / Ar, respectively. In the solid-state synthesis under high-
pressure method, the high pressure can be applied by mainly two ways: 
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directly applied pressure and indirectly applied pressure. Directly applied 
pressure is also called pressure sintering or pressure-assisted sintering. It 
involves techniques such as the hot pressing (pressure is applied uniaxially 
or biaxially to the powder in a die) and sinter forging (similar with hot 
pressing but with the die). The indirectly applied pressure is applied by the 
inert (hot isostatic pressing, HIP) or reactive gas, ultrasound, milling 
equipment and detonation. It is a very important method for the synthesis 
of dense materials with high degree of covalent bonding such as SiC and 
Si3N4.  
In this solid state synthesis method, the excess of reagents must be avoided 
because due to the low solubility of the products the post-synthesis 
purification is not possible. The reaction rate of this method is usually low 
because all the chemical reactions are in the solid state. It is very important 
to reduce the particle size of the precursor mixtures in order to improve the 
homogeneity of target material and thereby lower the calcination 
temperature. 
2.2 Pulsed laser deposition 
 History of pulsed laser deposition 
In 1960, the first functioning laser was realized by Theodore H. Maiman at 
Hughes Research Laboratories in California (2, 3). This laser used a solid-
state flashlamp-pumped synthetic ruby crystal to produce red laser (694nm). 
Two years later, the first study of the laser assisted film growth which was 
started by F. Breech and L. Cross was presented at the International 
conference on Spectroscopy at the University of Maryland (4). In this work, 
they studied the laser-vaporization and the excitation of the atoms from solid 
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surfaces. In 1965, Howard M. Smith and A. F. Turner deposited the first 
laser assisted growth thin film by utilizing a ruby laser (5). Although this is 
the first thin film grown with the assistance of alaser, this technique still 
could achieve high quality thin film compared other techniques such as 
molecular beam epitaxy (MBE) and chemical vapor deposition (CVD). With 
subsequent development in the laser technique especially for the powerful 
UV laser, the laser ablation efficiency of solid target become higher. 
Stoichiometric deposition of multicomponent thin films was not 
demonstrated by most of these techniques as the process parameters 
involved in preserving stoichiometry were not understood at this stage. 
In 1987, A great breakthrough of the laser-assisted thin film growth came 
when a high quality YBa2Cu3O7 thin film was successfully grown by utilizing 
the laser-assisted film growth technique developed by T. Venkatesan’s 
group at Bell Communications Research Laboratory (6). By systematic 
experiments the role of deposition angle, laser energy density window and 
the role of background reactive gas were fully understood and Venkatesan’s 
group developed the recipe for preserving the composition of a 
multicomponent target in the deposited film (6, 7). This thin film was of 
superior quality to that of films deposited by other techniques. In a later 
paper, this novel laser-assisted film growth technique was coined as 
“pulsed laser deposition” by T. Venkatesan. Since then, pulsed laser 
deposition has been utilized to deposit ceramic oxides, nitride films, metallic 
multilayers, supperlattices and nanocrystals (8-13). 
 The mechanism and process of pulsed laser deposition 
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The schematic diagram of a typical pulsed laser deposition was shown in 
Fig. 2.1. Though the setup of PLD is relatively simple compared with other 
thin film deposition techniques, the detailed mechanisms of the process of 
pulsed laser deposition are very complex. This includes the laser 
 
Fig. 2.1 Schematic of pulsed laser deposition setup 
ablation process of the target material by focused high energy ultraviolet 
laser pulses, the development of a plasma plume with high energetic ions, 
electrons and neutrals and then the epitaxial growth of the film on the 
substrate at high temperature. The physical mechanism of laser-target 
interaction and film growth mechanism are quite complex. When the laser 
pulse is absorbed by the target material, the energy of the laser is first 
transferred to the electronic excitation and into thermal, chemical and 
mechanical energy. Thus these energy results in the process of evaporation, 
ablation, plasma formation and even exfoliation. These species will form a 
plume containing atoms, electrons, ions, clusters, particulates and molten 
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globules and deposit on the substrate which is heated at very high 
temperature. 
There are generally the following four steps in the process of pulsed laser 
deposition. i) Laser ablation of the target material: the incident laser beam 
is absorbed at the surface of the material within the penetration depth. This 
penetration depth is typically about 10s of nm for most target materials at a 
laser wavelength of 248 nm. The surface of the target would be immediately 
heated up to a very high temperature to be vaporized. Most of the atoms in 
the penetration depth will be evaporated and the atoms that get left behind 
will be evaporated in the next pulse. The shortness of the laser pulse 
ensures that there is very little churning of the surface and there is no 
segregation of the surface composition with respect to depth. As a result, 
over several laser pulses the evaporated material will have the same 
composition of the target. But the evaporated species have different 
masses and one needs another reason to explain why these species all 
follow the same trajectory. ii) the creation and dynamic of the plasma plume: 
the vaporized material will form a plasma due to the extremely high surface 
temperature (~105 K) and expands in the direction parallel to the normal 
vector of the target surface due to the Coulomb repulsion and recoil from 
the target surface. The species in the plume will react with the background 
gas. However, the high density of the plume causes strong collisions 
between the evaporated species which gives an average trajectory for all 
the species. Thus a critical density of the plasma plume is required to 
preserve the common trajectory which imposes constraint on the target to 
substrate distance. iii) the deposition of ablation material on substrate: the 
high energy species of the plume may cause damage to the surface by 
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sputtering off atoms from the surface of substrate and may also cause 
defect formation in the deposited thin film. However, by optimizing the 
energy density of the laser and the background gas pressure the ions in the 
plume can be slowed down to energies where they assist in the film growth 
but do not cause any damage. iv) nucleation and epitaxial growth of the 
films: the laser parameters, surface temperature, substrate surface, 
distance from target to surface and background pressure are the 
predominant parameters in order to grow high quality single crystal thin films. 
It should also be noted that the growth mode of thin film can be divided into 
layer-by-layer growth mode, step-flow growth mode and 3D growth mode. 
The growth mode is solely dependent on the thermodynamics of the 
deposited material and its lattice match with the substrate. 
In our group, the laser source of PLD setup is KrF excimer laser (ComPex 
Pro 110, Coherent) operated at the wavelength of 248 nm with the 
maximum frequency of 100 Hz and maximum pulse energy of 400 mJ. The 
background pressure of PLD chamber can be as low as 10-8 Torr. The 
depositing pressure can be tuned by oxygen or nitrogen gas flow rate which 
is controlled by mass flow controller. The target to substrate distance is 
about 73 mm. During the deposition, the substrate can be rotating at 10 
deg/sec in order to achieve a more uniform thin film. 
 The advantage of pulsed laser deposition 
The main advantages of pulsed laser deposition are: (a) simple setup and 
growth process; b) capability of maintaining target composition: i.e. deposit 
a film with the same stoichiometry as the target; (c) versatile: many 
materials can be deposited in a wide variety of gases over a broad range of 
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gas pressures; (d) lower cost: one laser can serve many PLD vacuum 
chambers; (e) high speed: high quality samples can be grown less than 30 
mins and (f) scalable: the large and uniform thin film deposition can be 
achieved by changing the position of laser beam spot and rotating the 
substrate during deposition. These advantages provide the potential for the 
complex oxides to move from R&D to volume production. 
In spite of the advantages of PLD, this technique also has some 
shortcomings. The sub-surface boiling, expulsion of the liquid layer by 
shock wave recoil pressure and exfoliation can lead to splashing. Some 
particles may be as large as a few micrometers which will strongly affect the 
growth quality of the subsequent layers as well as the electrical and optical 
properties of the films. Thus the splashing or the particulates deposition on 
the films is one of the main shortcomings. However, the particulate density 
can be controlled by making the laser spot and the target as homogeneous 
as possible and optimizing the laser energy density for a given material. 
2.3 Crystal structure characterization 
X-ray diffraction (XRD) is one of the most widely used techniques to 
characterize the crystal structure and crystallinity of the thin film because X-
ray can be diffracted by the ordered crystalline lattice planes (14). The XRD 
instrument usually includes the X-ray source, sample platform with 
advanced angle control technique and the X-ray detector, which are shown 
in Fig. 2.2. The Bruker D8 Discover is the model used in this thesis.  
The X-ray which is generated by the Cu-K source operated at 40 KV and 
40 mA, is incident onto the sample and then diffracted by the special single 
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crystal lattice plane of the sample. A 0D detector is used to collect the signal 
of the diffraction X-ray beam. By analyzing these signal as a function of 
angle, the information of the film structure and crystallinity can be obtained. 
As can be seen in Fig. 2.2, this XRD setup can perform various scan modes 
by adjust the relative angles among X-ray source, sample and  detector. 
The most commonly used modes are -2 scan, rocking curve, phi scan 
and chi scan. -2 can give the information of the lattice constant and 
whether the film is epitaxially grown or not. The crystallinity of thin films can 
be well quantitatively analyzed by measuring the full width at the half 
maximum (FWHM) of rocking curves. Phi scan could provide the 
information of the orientation of a specific set of diffraction planes in your 
material and give an idea of the in-plane mosaic spread. Chi scan is usually 
used to align the lattice orientation and optimize the signal intensity. The -
2 mode is the most commonly used method to characterize the lattice 
constant of thin film.  
 
Fig. 2.2 The schematic diagram of  XRD technique 
33 
 
The Bragg’s Law is the basic principle of XRD. The equation 2.1 is used to 
describe the Bragg’s Law: 
 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 (2.1) 
Where d is the spacing between diffracting planes,  is the incident angle of 
X-ray, n is the order of X-ray diffraction and  is the wavelength of the X-ray 
beam.  
2.4 Photocatalytic water splitting property measurement 
To compare the photocatalytic water splitting efficiencies of different kinds 
of catalysts, the predominant method to compare the photocatalyst 
effectiveness is quantum yield (QY), which can be derived by the equation 
2.2 
  𝑄𝑌 (%) =
𝑉𝑟
𝑉𝑝
× 100% (2.2) 
Where vr is the photochemical reaction rate, vp is the photon absorption rate. 
Due to various experimental conditions, this quantity can be misleading. 
Thus, the rate of the H2 or O2 gas evolution rate is usually used for a rough 
comparison since the photocatalyst with high efficiency should has a high 
quantum yield and a high rate of gas evolution. 
In this thesis, a commercial photocatalytic water splitting efficiency 
measurement setup is used, which is shown Fig. 2.3.The photocatalytic 
efficiency can be quantified by the H2 evolution rate or O2 evolution rate. 
The light source used is 300W Xe lamp with 420 nm filter. The evolved 
gases were collected and quantified by an online gas chromatograph 
(Agilent 6890N). The inert Argon gas was used as the carrier gas. The 
34 
 
molecular sieve column is 5 Å, and TCD (Thermal conductivity detector) 
was used as the detector. 
 
Fig. 2.3 An example of the schematic diagram of photocatalytic water splitting 
setup 
2.5 Electrical transport property measurement 
 Three measurement modes of electrical transport property 
measurement 
The carrier transport property is one of the most important intrinsic property 
of a material because it reveals the material’s fundamental physics and 
potential application fields. For example, by measuring the sample’s 
resistivity () as a function of temperature (T), we can know whether its 
transport behavior is metallic, semi-conductive or insulating. Furthermore, 
the relative positions among the Fermi level, conduction band and valence 
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band can also be derived. Here the resistivity as a function of temperature 
of a 50 nm thick CaNbO3 thin film grown at 760°C and 110-6 mbar on LSAT 
substrate is shown inFig. 2.4. The resistivity of CaNbO3 thin film increases 
with increasing temperature which shows that this CaNbO3 is a metallic 
oxide and the Fermi level of it is degenerate in the conduction band. 
 
Fig. 2.4 The temperature dependent resistivity of a 50nm thick CaNbO3 thin 
film grown at 760°C and 110-6 mbar on LSAT substrate. 
The resistivity, carrier density and mobility are the three dominant 
parameters to understand the sample’s electrical transport property. All 
these parameters can be obtained by Hall measurement by using the 
Physical Property Measurement System (PPMS, Quantum Design Inc.). 
This instrument can perform electrical and magneto transport 
measurements with temperature (ranging from 2 K to 400 K) and magnetic 
field (ranging from -9 T to 9T). In this thesis, three measurement modes 
would be performed: resistance (R) versus temperature (T) (R-T curve), 
magnetoresistance (MR) and Hall resistance (HR).  





















The resistance measurement generally utilizes a four-point probe method 
(Kelvin method) in order to eliminate the contact and probe resistance.(15) 
This method can be performed in Van der Pauw configuration or in the linear 
configuration, as shown in Fig. 2.5. Ohmic contacts are created by 
ultrasonically bonded Al wire on the sample corners (West Bond Wire 
Bonder).  
 
Fig. 2.5 Diagram of four-point probe method with the sample bonded in (a) 
linear configuration and (b) Van der Pauw configuration 
In most four-point probe linear configuration, the four probes’ spacing (w0) 
are equal. With the continuum form of Ohm’s Law (equation 2.3): 
 ?⃑? = 𝜎?⃑⃑⃑?  (2.3) 
the resistivity of an arbitrarily shaped sample can be derived as (equation 
2.4) 
 𝜌 = 2𝜋𝑤0𝐹
𝑉
𝐼
  (2.4) 
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Where w0 is the probe spacing, F is the correction factor for probe location 
near sample edges, sample thickness, sample diameter and probe 
placement. 
For samples thinner than the probe spacing, the correction factor of F can 
be expressed as a product of three separate correction factors:  
  𝐹 = 𝐹1 𝐹2 𝐹3   (2.5) 
Where F1 corrects for sample thickness, F2 for lateral sample dimensions 
and F3 for placement of probes relative to sample edges. Most samples in 
this thesis can satisfy the condition that the probe position is not near the 
edge of the sample. Thus 𝐹3 = 1.  
For a non-conducting bottom boundary: 
 𝐹1 =
𝑑/𝑤0
2 ln [sinh (𝑑/𝑤0) /sinh (𝑑/2𝑤0) ]
   (2.6) 




  (2.7) 
The correct factor F2 can be given as 
 𝐹2 =
ln(2)
ln(2)+ln{[(𝑤 𝑤0⁄ )2+3] [(𝑤 𝑤0⁄ )2−3]⁄ }
  (2.8) 
F2 should be considered if the size of sample is not large enough. 







𝐹2 = 4.532 𝑑
𝑉
𝐼
 𝐹2  (2.9) 
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In the Van der Pauw configuration, we can label the current entering the 
sample through contacts 1 and 2 is I12, and the voltage difference between 
contact 3 and 4 as V34. The R12,34 can then be defined as 𝑅12,34 = 𝑉34 𝐼12⁄  .  
𝑅23,14 is defined similarly. Thus based on the equation 2.10, the sheet 
resistance (Rs) can be obtained. 
 𝑒−𝜋𝑅12,34 𝑅𝑠⁄ + 𝑒−𝜋𝑅13,24 𝑅𝑠⁄ = 1  (2.10) 




𝑅  (2.11) 
Therefore, the resistivity of the Van der Pauw configuration can be 
calculated by  
 𝜌 = 𝑅𝑠 ∙ 𝑑 =
𝜋𝑅
𝑙𝑛2
𝑑  (2.12) 
The magnetoresistance measurement can be performed by measuring 
the resistance with the variation of the magnetic field. Both the in-plane 
and out-of-plane MR of the sample can be obtained with the direction of 
magnetic field parallel or perpendicular to its surface. MR can be defined 
as  
 𝑀𝑅 = (𝑅𝑀 − 𝑅0)/𝑅0  (2.13) 
Where RM is the resistance under magnetic field, R0 is the resistance 
without magnetic field.  
The Hall resistance measurement can be performed to study the charge 
carrier density and mobility. The bonding method of it is shown in Fig. 
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2.6, where the current probes and voltage probes are bonded diagonally 
onto the corners of sample. The carrier density (n) can be determined by 
the equation 2.14  
 𝑛 = 𝐼𝐵 𝑒𝑉𝐻𝑑⁄  (2.14) 
  
Fig. 2.6 The schematic diagram of Hall bonding 
Where I is the current through the sample, e is the elementary charge 
(1.60217662 1019C) and VH is the Hall voltage, which is the difference 
between V+ and V-. d is the thickness of the sample.  
If there is only one type of carrier in this material, the hall mobility () can 
be determined by   
 𝜇 = 1/𝑒𝑛𝜌  (2.15) 
 “PPMS Hall Data Calculator” vi (virtual instruments) for rapid 
PPMS Hall data processing 
The Hall data we measured by PPMS is in the form of the resistance as a 
function of magnetic field at a particular temperature. Thus we usually 
measure at about 10 well separated temperatures to get the whole picture 
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of the temperature dependent carrier density and mobility. This means that 
if we want to use equation 2.14 and 2.15 to calculate the carrier density and 
mobility, we have to plot the Hall resistance versus magnetic field, fit it with 
a linear model and calculate slopes of these lines for about 10 temperatures. 
And all these processes are very repeatable and it usually takes at least 1 
hour to deal with only one batch of Hall data. However, all these steps can 
be processed by a well-designed program. 
Here we developed a LabVIEW VI, PPMS Hall Data Calculator, to solve this 
problem. The PPMS Hall Data Calculator can calculate the results of a 
batch of the Hall data in less than 1 second. The fitting engine is based on 
the original LabVIEW Linear fit VI, which is a very powerful tool for linear 
fitting. It can use different fitting method such as least square, least absolute 
and bisquare. It can also add the weight and tolerance parameters to the 
input data. 
The Fig. 2.7 shows the front panel I of PPMS Hall Data Calculator VI. The 
import data file window shows all the Hall data needed to be fit in this front 
panel. The size and modification time are also shown here in order to screen 
the problematic data file. The user can also add or delete the data files here. 
Different types of fitting method, export format and data precision 
parameters can be selected. When all the data files and parameters are 





Fig. 2.7 The front panel I of PPMS Hall Data Calculator 
The front panel II can show the plot fitting curves, slope, intercept and 
residue, as shown in Fig. 2.8. It can also export the fitting results. A specific 
sample’s fitting results could be presented by selecting the sample’s data 
file and choose the bridge channel of this sample. Then the fitting curve 
along with the raw data points will immediately be shown in the right bottom 
graph. By this way, the user can know whether there is some problem in 
the fitting results and the confidence of it. In the left bottom corner, the fitting 





Fig. 2.8 The front panel II of PPMS Hall Data Calculator 
2.6 Optical absorption property measurement 
UV-Visible spectroscopy is one of the most powerful tools to study the 
interaction between photon and materials. It can measure the transmittance 
(T), reflectance (R) and absorbance (A) spectra of the light beam when it is 
incident onto the sample with the form of solid, liquid or gas. The wavelength 
covers the ultraviolet range (below 390nm), visible range (390nm~700nm) 
and a bit of infrared range (above 700nm). 
The setup of the transmittance UV-Visible spectroscopy is shown in Fig. 2.9. 
As we can see in this figure, the monochromatic photons which are 
generated by the D2 lamp (<390nm) or tungsten lamp (390nm~800nm) and 
filtered by the monochromater would be split into two beams: one beam of 
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the photon passes through the sample and then reaches the detector, the 
other beam of the photon directly reaches the another detector and acts as 
the reference. Thus the two detectors can get the values T1 and T0. Thus 
the transmittance spectrum of this sample can be measured. For a typical 
semiconductor, the incident photons will be absorbed by the valence 
electrons if the energy of photon is larger than the bandgap while the rest 
of the photons will be transmitted. Thus the transmittance intensity will 
decrease above the bandgap. Base on this principle, the UV-Visible 
spectroscopy can be used to measure the bandgap of semiconductor. 
Similarly, this technique can also measure the defect states of some 
materials.  
 




The absorbance, A, can be calculated based on the transmittance by using 
the Beer-Lambert law, which can be expressed as equation 2.16 




Where A is the absorbance, T1 is the transmittance light intensity through 
the sample, T0 is the light intensity without passing through the sample. 
2.7 Transient absorption spectroscopy 
 Transient dynamic characterization by ultrafast laser system 
Many physical and chemical processes, as shown in Fig. 2.10, take place 
in a very short timescale ranging from a few femtoseconds (fs) to tens of 
nanosecond (ns), such as the excitation of electron and hole, electron-hole 
pair’s recombination, carrier diffusion, carrier-phonon scattering process 
and electron injection process. It is very important to study some of these in 
order to know the dynamics of photophysical phenomena and 
photochemical reactions in real time (16). There has been a huge 
development of the laser technique, especially for the ultrashort tunable 
laser systems making it possible to produce the ultrashort laser pulse at 
timescale less than 50 fs (17).  
The transient absorption (TA) spectroscopy can be used to study the carrier 
dynamics of materials. The time-correlated single photon counting (TCSPC) 





Fig. 2.10 Timescales of various electron and lattice processes in laser-excited 
solids. Each green bar represents an approximate range of characteristic times 
over a range of carrier densities from 1017 to 1022cm–3. (18). 
 Time-resolved pump-probe spectroscopy technique 
The transient absorption spectroscopy and time-resolved pump-probe 
spectroscopy have become a powerful tool to characterize the energy 
states and energy transfer processes of photosensitive materials (18-23). 
In our setup, two laser beams will be focused on the spot of sample. One is 
the pump beam, the other is the probe beam. The pump pulse will excite 
the sample to excited state, which will lead to a change of the absorption 
coefficient. Then the probe pulse with a various delay times will overlap 
spatially with the pump beam within the sample. Thus absorption, reflection 
and transmittance of probe pulse will also change due to the change of 
absorption coefficient. By comparison of the probe spectra with pump 
excitation and without pump excitation (ΔT/T0), the information on the 
specific energy transition processes can be observed at a specific given 
delay time. This is called the transient absorption spectroscopy. Thus, the 
energy band structure and defect levels can be obtained by the TA spectra 
as a function of the decay time over a range of probe wavelengths. The 
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kinetics of the energy transition process can also be detected by scanning 
the delay time at a fixed probe wavelength. This is called the time-resolved 
pump-probe spectroscopy. Thus the carrier relaxation dynamics can also 
be characterized with the single probe wavelength spectrum as a function 
of time delay. 
 
 
Fig. 2.11 The schematic diagram of transient absorption spectroscopy setup  
Our experimental setup is shown in Fig. 2.11 and its photo is shown in Fig. 
2.12 (a). In this setup, a Ti:sapphire oscillator seeded regenerative amplifier 
laser system (Coherent, Libra) at a repetition rate of 1 kHz with output pulse 
energy of 3 mJ at 800 nm and a pulse duration of ~150 fs was used as laser 
source. The laser beam will be split into two portions. One portion of the 
beam will be used to pump the optical parametric amplifier (Light-
Conversion TOPAS) to generate the laser pulse utilized as the pump pulse 
with tunable wavelength from 350nm to 2600nm. This is very useful if the 
special excitation energy is required to pump the sample. The other portion 
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of the 800 nm laser beam will generate a continuum white light upon 
incidence on the sapphire window. The continuum white light with the 
wavelength range from 400 nm to 800 nm would be used as the probe beam. 
As we can see in Fig. 2.11, both the pump beam and probe beam are 
focused on the sample with the beam size of 300 m in diameter and 100 
m in diameter, respectively and spatially overlapped. The intensity of 
probe pulse with different wavelength after passing through the sample can 
be monitored by a photodiode detector attached to a monochromater just 
after the sample. A portion of both the pump beam and probe beam is used 
for the pump reference and probe reference, respectively, in order to correct 
the pulse intensity fluctuation. All the detectors are connected to the lock-in 
amplifier (LIA) (Stanford Instrument). Both the time delay between the pump 
pulse and probe pulse are tuned by a translation stage. The translation 
stage and monochromater are controlled by home-made LabVIEW VI in 
computer. 
In the transient absorption measurement, the monochromater after the 
sample is used to scan the wavelength of probe pulse. In the time-resolved 
pump-probe measurement, the scanning of time delay between the pump 
and probe pulse is realized by the step motion of translation stage.  





Fig. 2.12 (a) The photo of transient absorption spectroscopy experimental 
setup (b)The spectrum of the super continuum white light laser pulse 
generated by focusing the 800 nm fs laser pulse onto the sapphire window. 
An excellent system needs an excellent brain to control it. Thus we took 
plenty of time to improve the control LabVIEW vi of this transient absorption 
setup to make the measurement more precise, faster and much easier to 
use. This control vi is called “all in one” vi because it integrates three 
different measuring modes of transient absorption measurement, pump-
probe decay with linear time delay step and pump-probe decay 
measurement with exponential time delay step into one vi. 
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In order to understand the function and process progress of this vi, the 
signal type of the four lock-in amplifier should be first introduced. The four 
lock-in amplifier are shown in the Fig. 2.11. The value measured by #8 lock-
in amplifier is the intensity difference of probe pulse (p) with the pump pulse 
and without the pump pulse because the reference signal frequency of #8 
lock-in amplifier is 500Hz, which is synchronized with the pump pulse while 
the other lock-in amplifiers’ reference frequency is 1 kHz. The signals of #9, 
#10, #11 lock-in amplifiers are the probe beam reference intensity (R), 
pump beam reference intensity (Pm) and probe beam absolute intensity 
after passing through the sample (AS).  
The most important part of this control vi is the transient absorption signal 
calculation method. There is a trick in the measured signal of #11 lock-in 
amplifier. The time constant of this lock-in amplifier is 300ms, while the 
frequency of probe beam is 1 kHz. Thus the value it measured is the 
average value of absolute intensity of probe pulse with the pump pulse or 
without the pump pulse excitation because it cannot separate them as the 
time constant of amplifier is much larger than the laser repetition period. 
This problem will cause a large error in the measured result especially when 
the transient absorption signal is very strong. To solve this problem, the 
corrected method should be developed. If considering the laser energy 
fluctuation, the difference between real value and measured value should 
also be corrected. The correction equation is (2.16) and (2.17). The detailed 
derivation method is described in appendix I. 







































  (2.16) 


























  (2.17) 
The meaning of these symbols can also be found in appendix 1 and not 
listed here since there are too many symbols in these two equations. 
The front the panels of the “all in one” vi of previous version and improved 
version are shown in Fig. 2.13 (a) and (b), respectively. As we can see, the 
layout of the front panel in improved version is much tidier than that of 
previous version. The Tab Control was used for different measurement 
modes.  
 
Fig. 2.13 The front panel of “all in one” control VI of (a) old version and 
(b)improved version.  
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More effort on the improvement of “all in one” vi was made to make it run 
faster. In LabVIEW programming rule, the computing result of the sub vi will 
not be transferred to the main vi until the sub vi finishes its executing. Thus, 
in the old version of “all in one” vi, a lot of global variants were used in order 
to monitor the sub vi measurement results in real time which is shown in 
Fig. 2.14 (a). This is simple for programming but uses a lot of system 
resources and enlarges the runtime. In the improved version as shown in 
Fig. 2.14 (b), vi server is used to transfer the data from sub vi to main vi and 
this method can improve the resource usage and decrease the runtime in 
the meanwhile. 
 
Fig. 2.14 The data transfer method from subVI to main VI in real time. (a) 
Globe variant method which is used in old version. (b) VI server method used 
in improved version. 
We also improved the user experience of “all in one” vi. A more clear 
measurement status indicator is shown in Fig. 2.15 (a). It shows the 
measurement mode, current delay, current wavelength and measurement 
progress. The user can export data file much easier than before because 
the user does not need to type in the whole path word by word (Fig. 2.15 
(b)). In the old version, the user has to calculate how many steps the vi 
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needs to measure because only the parameters of start position, step size, 
and total number of steps are given for user to choose. In the improved one, 
the user only need to tell “all in one” vi of the measurement range directly 
(Fig. 2.15 (c)) without the calculation of total number of steps.  
 
Fig. 2.15 The improved user experience: (a) measurement status indicator, (b) 
the export data file path, (c) measurement parameters. The above is snipped 
from the improved VI and the bottom is snipped from the old version. 
2.8 Nonlinear optical property measurement 
The nonlinear optical property of one material can be performed when it is 
irradiated under high laser intensity. The basic principle is the dielectric 
polarization P of a sample responds nonlinearly to the electric field E. of 
photon. The Kerr effect, self-focusing and self-phase modulation are some 
of the typical nonlinear optical phenomenon and effects. During the last few 
decades, many experimental techniques have been developed to 
characterize the nonlinear optical property of material, such as the nonlinear 
interferometry, nearly degenerate three-wave mixing and beam distortion 
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measurement. However, these techniques are relatively too complex 
compared with Z-scan technique. 
In this thesis, the open aperture Z-scan technique is applied to study the 
nonlinear optical property of materials. The Z-scan technique is a very  
simple and highly sensitive method to measure both the nonlinear refractive 
index and nonlinear absorption coefficient of materials firstly introduced by 
M. Sheik-Bahae in 1990 (24). The experimental setup of Z-scan is shown 
in Fig. 2.16. Similarly with the transient absorption spectroscopy setup, a 
800nm laser beam generated by a Ti:sapphire oscillator seeded 
regenerative amplifier laser system (Coherent, Libra) at a repetition rate of 
1 kHz and a pulse duration of ~150 fs is used as laser source. A TOPAS is 
used to produce various laser pulse with different wavelength. The output 
beam is split into two portions with different intensity by a beam splitter. The 
portion with low intensity is used as the reference and collected by a 
photodiode detector. This reference beam can correct the fluctuation of 
laser power to reduce the noise level. The portion of the high intensity is 
focused on the sample by a lens with a focal length of 15cm. The focus spot 
is about 40 m (radius). The sample is mounted on a translation stage that 
can move the sample toward and away from the focal spot. The 
transmittance beam through the sample was monitored by another 
photodiode detector. Both the signals of detectors are collected by the lock-
in amplifier with the frequency of reference signal of 1 KHz.  
For the sample with nonlinear optical property of two-photon absorption, the 
two-photon absorption coefficient () can be determined by fitting the 










  (2.18) 
where z is the position of the sample with respect to the focal position, r is 
the radial distance from the center of the beam, t is the time and q0 is 
expressed as the equation 2.19 
 𝑞0(𝑧) = 𝛽𝐼0𝐿𝑒𝑓𝑓/(1 +
𝑧2
𝑧0




 is the effective propagation length inside the sample 
with the sample length L and the linear absorption coefficient 0, I0 is the 
peak on-axis irradiance power at the focus, which can be calculated by the 





is the Rayleigh range, in which w0 is the waist of the Gaussian beam spot 





Fig. 2.16 The schematic diagram of experimental setup of Z-Scan technique 
55 
 
For the sample with saturable absorption property, the normalized 
transmittance laser beam intensity as a function of sample position (z) can 









where 𝑄(𝑧) = 𝑒𝑥𝑝[𝛼0𝐼0𝐿𝑒𝑓𝑓 (𝐼 + 𝐼𝑠)⁄ ],  𝑞0(𝑧) = 𝛽𝐼0𝐿𝑒𝑓𝑓/(1 +
𝑧2
𝑧0
2) , Is is the 
saturable absorption intensity. Thus, the saturable absorption intensity of Is 
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Chapter 3 The Nature of Electron Transport and Visible 
Light Absorption in Strontium Niobate - A Plasmonic Water 
Splitter 
3.1 Introduction 
Semiconductor compounds are widely used for water splitting applications, 
where photo-generated electron-hole pairs are exploited to induce catalysis. 
Recently, powders of a metallic oxide (Sr1-xNbO3, 0.03 < x < 0.20) have 
shown competitive photocatalytic efficiency, opening up the material space 
available for finding optimizing performance in water-splitting 
applications.(1) The origin of the visible light absorption in these powders 
was reported to be due to an interband transition and the charge carrier 
separation was proposed to be due to the high carrier mobility of this 
material. In the current work we have prepared epitaxial thin films of 
Sr0.94NbO3+δ and found that the bandgap of this material is ~4.1 eV, which 
is very large. Surprisingly the carrier density of the conducting phase 
reaches 1022 cm-3, which is only one order smaller than that of elemental 
metals and the carrier mobility is only 2.47 cm2/(V∙s). Contrary to earlier 
reports, the visible light absorption at 1.8 eV (~688 nm) is due to the 
plasmonic resonance, arising from the large carrier density, instead of an 
interband transition. Excitation of the plasmonic resonance results in a 
multi-fold enhancement of the lifetime of charge carriers. Thus we propose 
that the hot charge carriers generated from decay of plasmons produced by 
optical absorption is responsible for the water splitting efficiency of this 
material under visible light irradiation.  
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 Introduction to photocatalytic water splitting materials 
Converting solar energy into chemical energy (e.g. splitting water by sun 
light) with the aid of photocatalysts is a promising way to reduce the 
increasing demand for fossil fuels(2-11). Very few oxide semiconductors 
have been used as photocatalysts since they need to be chemically robust 
and their bandgap should be neither too wide nor narrow in order to absorb 
sun light in the visible range efficiently and also satisfy the minimum energy 
requirement (1.23 eV theoretically but >1.9 eV experimentally) for splitting 
water into hydrogen and oxygen(12-14). Large bandgap oxides (such as 
TiO2) are used in photocatalytic water splitting either by reducing their 
optical bandgap to absorb visible light or incorporating visible light 
absorbers such as organic dyes, low bandgap quantum absorbers or metal 
nanostructures(15, 16) in the host. In the former case, cationic or anionic 
doping or combination of both are typically applied to narrow the 
bandgap(17-20). Unfortunately, in most cases the bandgap change 
achieved is small mainly due to the fact that the discrete defect states are 
normally very close to the band edges(21-23). In the latter case, hot 
electrons in the visible light absorber inject into the conduction band of large 
bandgap oxides, which are subsequently used to reduce water to hydrogen 
gas. Among the visible light absorbers, metal (e.g. Au, Ag) nanostructures 
are special as the hot electrons generated by the decay of visible light 
excitation of surface plasmon resonance (SPR) can be injected in to a large 
bandgap semiconductor like TiO2(24, 25). However, the materials used for 
enhancing the photocatalytic activity by using SPR are mainly Au, Ag 
nanostructures, which are not low cost materials. 
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 Introduction to the photocatalytic property of strontium niobate 
Recently a red metallic oxide Sr1-xNbO3 (0.03<x<0.20) (in the form of 
powders) was used in photocatalytic water splitting.(1) The temperature 
dependent resistivity increases with increasing temperature which is the 
evidence of the metallic property of this material. However, in the metallic 
oxide, the Fermi level is degenerate in the conduction. Thus in the 
conduction band there is a large amount of free carriers and the terms of 
valence band is less easy to apply. To solve it, the authors proposed a 
interband transition model with a special band structure, in which they 
regard the band below the conduction band as the highest fully occupied 
band and that above it as the lowest unoccupied band, termed as B-1 and 
B1, respectively. The electron-hole pairs come from the optical transition 
from the metallic conduction band to the B1 band.(26, 27) 
 The problem of the interband transition model 
In the interband transition model proposed by the previous report, the visible 
light absorption was attributed to the electron’s interband transitions and the 
electron-hole pair separation was attributed to the assumption of high 
carrier mobility although only temperature dependent conductivity was 
measured. As both charge carrier density and mobility contribute to the 
conductivity of a sample, simply assuming a large mobility for a highly 
conductive material may lead to a wrong conclusion. Hence obtaining the 
mobility as well as other electrical transport properties is crucial for 
understanding the details of the photo-generated carrier separation process. 
The optical bandgap obtained from Kubelka-Munk transformation of the 
reflectance spectrum of the powder form Sr1-xNbO3 is inaccurate since it 
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neglects the plasmonic absorption. The proper way to measure the optical 
bandgap is to obtain the complex dielectric function, by using Kramers-
Kronig-transformed reflectivity or spectroscopic ellipsometry. Epitaxial thin 
films are required for measuring the intrinsic mobility since the grain 
boundaries in the film are much less than in powders. Using thin films also 
allows us to measure the transmittance, reflectance and ellipsometry 
spectra accurately, which can give proper optical and plasmonic 
absorptions of this material. Furthermore, both the band structure and the 
process of the hot electron transition of this material can also be 
investigated by femtosecond time resolved transient absorption (TA) 
spectroscopy. 
In this chapter, we have prepared Sr0.94NbO3+δ films by pulsed laser 
deposition (PLD) at various oxygen partial pressures on top of insulating 
LaAlO3 substrates and compared their optical spectra, electronic transport 
and carrier dynamics properties. We found the optical bandgap to be around 
4.1 eV, which was almost independent of the oxygen content although the 
crystal structure changed from pseudo-tetragonal perovskite to 
orthorhombic with increasing oxygen partial pressure from 5×10-6 Torr to 
1×10-4 Torr. The plasmonic resonance peak for the film grown at 510-6 Torr 
was found at about 1.8ev (688nm), which is at the appropriate energy for 
solar-photocatalytic water splitting. The high conductivity (~104 S/cm) of the 
sample prepared at low pressure is mainly contributed by the high charge 
carrier density (~1022cm-3) rather than its mobility (2.47 cm2/ (V∙s)) at room 
temperature. Thus we believe that the photocatalytic activity of Sr0.94NbO3+ 
under visible to near-infrared irradiation is due to the hot electrons 
generated from the decay of the plasmon in Sr0.94NbO3 instead of interband 
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absorption transition. Thus Sr0.94NbO3+δ represents an extraordinary 
material system, which has a large bandgap of 4.1 eV but a degenerate 
conduction band with a large carrier density exceeding 1022 electrons/ cm3 
which leads to strong useful plasmonic effects. 
3.2 Experimental procedure 
The PLD target was prepared by solid reactions of Sr4Nb2O9 precursor, Nb 
(Alfa Aesar, 99.99%, -325 meshes) and Nb2O5 (Alfa Aesar, 99.9985%, 
metals basis) powder mixtures in the proper molar ratio. The precursor was 
prepared by calcining SrCO3 (Alfa Aesar, > 99.99%, metals basis) and 
Nb2O5 powder mixtures in a molar ratio of 4:1. The calcination and sintering 
were done in air and Ar gas environment for 20 hours at a temperature of 
1200°C and 1400°C respectively.  
The thin films of SrNbO3 were deposited on LaAlO3 substrate from these 
targets by Pulsed Laser Deposition where a Lambda Physik Excimer KrF 
UV laser with wavelength of 248 nm was used. The films were deposited at 
750°C, laser energy density of 2 J/cm2 with frequency of 5 Hz and oxygen 
partial pressure of 5 × 10-6 Torr to 1× 10-4 Torr. Typically, 130 nm thick film 
could be obtained with half an hour deposition.  
The elemental compositions of the films were studied by 2 MeV proton 
induced X-ray emissions (PIXE) with Si (Li) detector and 15 MeV carbon 
ions Rutherford Backscattering Spectrometry (RBS). The obtained spectra 
were precisely fitted by SIMNRA simulation software. The crystal structure 
of the film was studied by high resolution X-ray diffraction (XRD, Bruker D8 
with Cu Kα1 radiation, λ = 1.5406 Å) together with the reciprocal space 
maps (RSMs). The local structure was measured by High Resolution 
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Scanning Transmission Electron Microscopy (HRSTEM: FEI Titan 
(Team0.5) @300 kV). Optical bandgap of the film was measured by UV-
visible spectrophotometer (Shimadzu SolidSpec-3700). The transmissions 
of the films were measured and the corresponding absorption coefficients 
at particular wavelengths were derived from Beer-Lambert Law. Physical 
Properties Measurement System (PPMS, Quantum Design Inc.) was used 
to measure the electronic transport properties. The particle size was 
analysed by dynamic light scattering (DLS) techniques on 90 Plus Particle 
Size Analyser (Brookhaven Instruments Corporation). 
The Photocatalytic water splitting reaction was measured under the 
irradiation light source of 300W Xe lamp with 420 nm filter. H2 evolution was 
measured by suspending 50 mg sample powders together with 1 wt. % Pt 
co-catalyst in 100 ml oxalic acid aqueous solution (0.025M). The evolved 
gases were collected and quantified by an online gas chromatograph 
(Agilent 6890N, TCD detector). 
Spectroscopic ellipsometry (SE) measurements of the 5×10-6 Torr sample 
were performed at room temperature using Woollam V-VASE ellipsometer 
with an energy range of 0.6-6.5 eV. The measurements were taken with 
incident angles of 50º, 60º, and 70º from the sample normal and a beam 
spot size of ~1-3 mm. The measurements resulted in the ellipsometric 
parameters of the sample 𝑡𝑎𝑛Ψ exp (𝑖Δ) ≡ 𝑟𝑝/𝑟𝑠, where rp and rs are the p- 
and s-polarized component of the amplitude reflection coefficients, 
respectively (28). 
The resulting  and  spectra of the 5×10-6 Torr sample were analysed 
using Woollam WVASE32 and Woollam CompleteEase softwares to extract 
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the complex dielectric function spectra, 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔), of the film, 
where  is the photon angular frequency. Since the 5×10-6 Torr sample is a 
thin film deposited on an LaAlO3 substrate, it was modelled as a two-layer 
system (28). The 𝜀(𝜔) of the film was fitted using a combination of Drude  
and Herzinger-Johs PSemi-Tri  oscillator functions, while the 𝜀(𝜔) of the 
LaAlO3 substrate was fitted using Lorentz oscillator functions (all oscillator 
functions obey the Kramers-Kronig relationship) (28-30). To model the 
surface (~1 nm) and interface (~3 nm) roughnesses, a Bruggeman-mode 
effective medium approximation (EMA) was used (31). The analysis was 
performed using two modes: (1) isotropic mode, where the 𝜀(𝜔) along all 
directions is assumed to be the same, and (2) uniaxial anisotropic mode, 
where the 𝜀(𝜔) along the out-of-plane (extraordinary) direction is assumed 
to be different from the 𝜀(𝜔) along the in-plane (ordinary) directions. The 
fitting was performed until a least-chi-square fit was achieved. The fit 
showed that the thickness of the film was ~222 nm, with a thickness non-
uniformity of ~13%. 
From the analysis, it was found that the  and  spectra of the 5×10-6 Torr 
sample cannot be fitted properly using isotropic mode and can only be fitted 
well at all incident angles using uniaxial anisotropic mode (Fig. 3.1). This 
indicated that the 5×10-6 Torr film had a slight uniaxial anisotropy along the 
out-of-plane direction. The resulting ordinary (along in-plane directions) and 
extraordinary (along out-of-plane direction) 𝜀(𝜔)spectra of the film are 
shown in Fig. 3.2. It can be seen that the ordinary (and extraordinary) 𝜀1(𝜔) 
of the film crosses zero at ~1.8 eV, further confirming that the ~1.8 eV peak 





Fig. 3.1 Analyses of spectroscopic ellipsometry data of the 5×10-6 Torr sample. 
(a) analysis of Ψ of the 5×10-6 Torr sample using uniaxial anisotropic mode. (b) 
Analysis of Δ of the 5×10-6 Torr sample using uniaxial anisotropic mode. 
 
Fig. 3.2 Complex dielectric function of the 5×10-6 Torr film. (a) Real part of 
ordinary and extraordinary complex dielectric function, 1(), spectra of the 
5×10-6 Torr film. Vertical dashed lines indicate the zero-crossings of ordinary 
and extraordinary 1() of the film. (b) Imaginary part of ordinary and 




From 𝜀(𝜔), the frequency-dependent complex refractive index of the film, 
?̃?(𝜔) = 𝑛(𝜔) + 𝜅(𝜔), was obtained using 





2(𝜔) + 𝜀1(𝜔)]  (3.1) 
and 





2(𝜔) − 𝜀1(𝜔)] (3.2) 
The ordinary 𝑛(𝜔) and 𝜅(𝜔) spectra of the film are shown in Fig. 3.3 (a), 
while its extraordinary 𝑛(𝜔) and 𝜅(𝜔) spectra are shown in Fig. 3.3 (a). 
Meanwhile, the loss function (LF) spectra of the film was obtained from 𝜀(𝜔) 
using 






and the ordinary and extraordinary LF spectra of the film are shown in Fig. 
3.13 (b) and Fig. 3.3 (b), respectively. From the figures, it can be seen that 
the extraordinary ?̃?(𝜔) and LF spectra of the film are generally similar with 
shape and photon energy as compared to their ordinary ?̃?(𝜔)  and LF 
spectra, with differences only in relative peak heights. Because of this, only 
the ordinary ?̃?(𝜔) and LF spectra of the film are shown Fig. 3.13 for clarity. 
From?̃?(𝜔), the normal-incident reflectivity, 𝑅(𝜔), of the film (Fig. 3.13 (c)) 
was extracted using Fresnel equations, while the Kubelka-Munk function 








Fig. 3.3 Extraordinary complex refractive index and loss function of the 5×10-
6 Torr film. (a) Frequency-dependent extraordinary complex refractive index, ?̃? 
()=n()+(), of the 5×10-6 Torr film. (b) Extraordinary loss function spectra of 
the 5×10-6 Torr film. 
The detail of the femtosecond transient absorption and pump-probe 
experiments has been discussed in chapter 2. In this chapter, the reflection 
of the probe beam from the sample surface was collected as the probe 
signal with a pair of lens and focused into a spectrometer. Very thick film 
samples were used to minimize the signal contribution from the substrate. 
The pump-probe experiments were carried out at room temperature. During 
the measurements, the pump and the probe energies were kept low enough 
to minimize damage to the samples.  
The atomic and electronic structure of SrNbO3+x compounds were 
performed employing spin-polarized density-functional-theory (DFT) 
calculations, using the Perdew-Burke-Ernzerhof (PBE96) exchange-
correlation potential, and the projector-augment wave (PAW) method, as 
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implemented in the Vienna ab-initio simulation program (VASP) (34-37). In 
these calculations Sr 4s4p5s, Nb 4p5s4d, and O 2s2p orbitals were treated 
as valence states, employing the PAW potentials labeled “Sr_sv”, “Nb_pv” 
and “O” in the VASP PBE library. The cutoff energy for the plane-wave basis 
set was set to 450 eV, and the DFT+U approach due to Dudarev et al  was 
employed to treat the Nb 4d orbitals occupied in the Nb4+ ions present for 
SrNbO3 and SrNbO3.4 compositions with the value of U - J set to 4 eV (38). 
SrNbO3, SrNbO3.4, SrNbO3.5 were modeled by supercells containing, 
respectively, 20 atoms with space group Pnam, 54 atoms with space group 
Pnnm, and 44 atoms with space group Cmc2. For the cells with oxygen 
excess (i.e., SrNbO3.4 and SrNbO3.5) the extra oxygen ions were placed in 
planar defects. In the structural relaxations we employed using 8*8*4, 1*4*6 
and 1*4*6 k-point meshes, for SrNbO3, SrNbO3.4, SrNbO3.5, respectively. 
The density of states was calculated with 16*16*8, 2*8*12 and 2*8*12 k-
point meshes for the same three structures, respectively.  In systems with 
occupied Nb 4d orbitals (i.e., SrNbO3 and SrNbO3.4), we employed 
ferromagnetic ordering of the local moments on the Nb4+ ions. 
3.3 Results and discussion 
 The crystal structure and elemental composition of strontium 
niobate thin films 
The XRD spectrum of the film deposited at oxygen partial pressure of 5 × 
10-6 Torr is shown in Fig. 3.4. The 2- scan indicates the film’s lattice 
parameter along out-of-plane [001] direction as 4.10 Å.. The full width at 
half maximum (FWHM) of the rocking curve is measured to be 0.71 which 
is acceptable by considering the large lattice mismatch between the film 
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and the substrate (LaAlO3 forms in pseudocubic perovskite structure at 
room temperature with lattice constant 3.79 Å). 
 
Fig. 3.4 -2θ scan SrNbO3 film grown on LaAlO3 (001) substrate, where * 
indicates the signals of the substrate. Inset shows the rocking curve. The film 
was deposited under oxygen partial pressure of 510-6 Torr.  
The reciprocal space maps (RSMs) of (-103) and (103) [(0-13) and (013)], 
which are shown in Fig. 3.5, are symmetric with respect to the out-of-plane 
[001] axis, suggesting orthogonality of [001] and [100] ([001] and [010]) axes. 
Despite their relatively broad RSM spots, the in-plane parameters are 
obtained as 4.04 Å equally. Hence the film forms in tetragonal-like structure 
on LaAlO3 substrate with a large strain near the interface.  
The strain effect can be clearly seen in Fig. 3.6, the local high resolution 
transmitted electron microscopy image of the lattice. The highlighted open 
burgess circuit indicates an a[100]p type edge dislocation core, where the 





Fig. 3.5 RSMs on (-103), (103), (0-13) and (013) reflections from the LaAlO3 
substrate and the strontium niobate thin film 
The Fig. 3.7 shows a small shift of the film peaks towards low angles can 
be observed in the 2- scan and the FWHM of the rocking curve increases 
as the oxygen partial pressure increases to 1 × 10-4 Torr. 
 
Fig. 3.6 High resolution TEM image of a square region. The shaped open 
circuit area by yellow arrows highlights an edge dislocation core (type a[100]p). 
Structural changes from tetragonal to orthorhombic were observed in the 
local HRTEM images (Fig. 3.8). The orthorhombic structure is close to the 
reported structure of Sr2Nb2O7 (bulk a=3.933 Å, b=26.726 Å, c=5.683 Å), 
which has an equivalent tetragonal structure with lattice parameters a = b = 
3.901 Å and c=3.933 Å. The decreasing of the out-of-plane and in-plane 
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lattice parameters with oxygen partial pressure was obtained from the 
electron diffraction pattern (Fig. 3.8). At the intermediate oxygen partial 
pressure, mixed structure exists in the film.  
 
Fig. 3.7 XRD spectra of SrNbO3+x thin films deposited at various oxygen 
partial pressures. 
It was reported that Sr content strongly determines the crystal structure of 
the non-stoichiometric SrNbO3 phase (39, 40). Here the elemental content 
of the films deposited at different oxygen partial pressures are precisely 
studied (Fig. 3.9). The cationic contents are identical for the films within the 
detection limit of PIXE and the Sr/Nb atomic ratio is measured as 0.94/1. 
The deficiency of Sr content comes from the variation in the target 
preparation process (41).  






















































Fig. 3.8 Structure changes of SrNbO3+x thin films induced by the oxygen 
partial pressures when deposited. (a-c) Cross-sectional TEM images SrNbO3+x 
thin films deposited at 5×10-6 Torr, 3×10-5 Torr and 1×10-4 Torr, respectively. 
(d-f) Electron diffraction pattern of SrNbO3+x thin films deposited at 5×10-6 
Torr, 3×10-5 Torr and 1×10-4 Torr, respectively. 
Table 3.1 Lattice parameters of SrNbO3+x thin films 
 10-6 3×10-5 10-4 
IP lattice aIP
* 4.02Å 3.96Å 3.95Å 
OOP lattice aOOP
* 4.05Å 4.00Å 3.99Å 




Fig. 3.9 PIXE and RBS spectra of SrNbO3 films grown on LaAlO3 substrate. 
(a) 2 MeV PIXE spectrum. (b) 15 MeV carbon ions RBS spectrums of SrNbO3 
films prepared at oxygen partial pressure of (i) 5×10-6 Torr, (ii) 1×10-5 Torr, 
and (iii) 6×10-5 Torr. The Sr/Nb atomic ratio is 0.94/1 and is identical for three 
cases. 
 The electrical transport property of strontium niobate thin films 
Fig. 3.10 shows the electrical transport properties of Strontium niobate thin 
films deposited at various oxygen pressure. As we can see in Fig. 3.10 (a) 
The conducting property of the film is strongly dependent on the oxygen 
partial pressure, where a transition of metallic to semiconductor transport 
behavior is clearly seen when increasing the deposition oxygen partial 
pressure. The carrier density of the most conductive sample (prepared at 5 
× 10-6 Torr) as shown in Fig. 3.10 (b) reaches 1022 cm-3 and it is almost 
independent of the measurement temperature, which agrees with the 
reported data indicative of a degenerate Fermi level. In contrast, the carrier 
mobility as shown in Fig. 3.10 (c) is only 2.47 cm2/(V∙s) at room temperature, 
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which is not outstanding compared with other oxides (e.g. TiO2, BaSnO3) 
and semiconductors (42-45). So the high conductivity of this material is due 
to the high carrier density and not the carrier mobility. The absence of 
significant internal electric field to avoid electron-hole recombination also 
implies that an interband transition model is not suitable. As the oxygen 
content increases in the film, the sample becomes more insulating. Both the 
charge carrier density and the mobility decreases with oxygen partial 
pressure, which is consistent with the observed two crystal structures of the 
materials (46). Metallic Sr0.94NbO3 forms in tetragonal perovskite structure 
at 5×10-6Torr and almost insulating Sr0.94NbO3.4 forms in orthorhombic 
structure at 1×10-4 Torr. At the intermediate pressure, the semiconductor 
forms in cermet structure.  
 
Fig. 3.10 Electronic transport properties and transient absorption spectra of 
SrNbO3 films. (a) Temperature dependent resistivity of the films prepared at 
various oxygen pressure. (b) Free carrier density of the films prepared at 
various oxygen pressures obtained from Hall measurement. (c) The 
corresponding electron mobility of the films. 
 The optical absorption property of strontium niobate thin films 
Fig. 3.11 shows the optical absorption property of strontium niobate thin 
films deposited at various oxygen pressure. A cut off of the transmission 
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edge is observed near 300 nm (Fig. 3.11 (a)), which indicates an optical 
bandgap of ~ 4.1 eV (from Tauc plot-indirect, Fig. 3.12) and it is almost 
independent of the preparation oxygen pressure. Both the transmission and 
reflection of the film prepared at 5  10-6 Torr were plotted, from which the 
accurate absorption spectrum could be obtained (Fig. 3.11 (b)). The 
minimum reflection is located at around 600 nm, which could indicate the 
rough frequency of plasmon. Hence the absorption spectrum between 500 
nm and 1000 nm can be well fit by the Drude Model, and the corresponding 
plasmon frequency of the fitting curve is 1.6eV, which has a small difference 
with the plasmon frequency measured by spectroscopic ellipsometry. The 
transmission of the films continuously increases with oxygen partial 
pressure above 600 nm, which indicates absorption along with free carrier 
absorption (Drude Model) in this wavelength range, where the latter is 
consistent with the metallic nature of the films and powders (26, 47).  
 
Fig. 3.11 The optical absorption properties of SrNbO3+x films. (a) UV-Visible-
NIR spectra of SrNbO3+x thin films deposited at various oxygen partial 
pressures, an absorption edge located at the wavelength of 300nm can be 
observed. (b) The transmission, reflection spectra of the film deposited at 5×10-




 Plasmon resonance in SrNbO3 
The complex refractive index, ?̃?(𝜔) = 𝑛(𝜔) + 𝑖𝜅(𝜔), and the loss function, 
-Im[-1], spectra of the 5x10-6 Torr sample extracted from spectroscopic 
ellipsometry data are shown in Fig. 3.13 (a), (b) and (c), respectively. The 
extinction coefficient spectrum, , of the sample shown in Fig. 3.13 (a)  that 
it has a Drude absorption edge which is induced by the absorption of free 
carriers below 2 eV (typical of a metal) and a first interband transition peak 
(indicating the bandgap of the film) above 4.1 eV, consistent with its 
transmission spectrum (Fig. 3.11 (b)). Between these two peaks, the  is 
featureless, indicating the lack of major optical transitions within the 2 – 4.1 
eV energy range. Meanwhile, the loss function spectrum of the sample  (Fig. 
3.13 (b)) shows a large peak at ~1.5 - 2.1 eV with a peak position of ~1.8 
eV (688 nm), indicating the existence of a plasmon resonance at that energy 
(48). 
 
Fig. 3.12 The Tauc-indirect plot of the films deposited at various oxygen 
partial pressures, an optical band gap of 4.1 eV could be obtained. (b) The 
absorbance spectrum obtained from the reflectance spectrum of SrNbO3 film 
deposited at 510-6 Torr. 
From n and  spectra, the normal-incident reflectivity of the film can be 
obtained using Fresnel equations, as shown in Fig. 3.13 (c). This reflectivity 
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is consistent with the spectrum measured by UV-Visible spectroscopy. 
From the reflectivity, the Kubelka-Munk function of the film can be obtained 
(Fig. 3.13 (c)), and it can be seen that the shape of the function resembles 
the previous reported results, with an apparent absorption edge at ~2 eV. 
Since there is no peak in the  spectrum at around that energy, this 
absorption edge does not come from interband transition as previously 
reported. Instead, this absorption edge is plasmonic in origin because it 
coincides with the plasmon peak at ~1.8 eV in the loss function spectrum.  
The origin of hot electrons in SrNbO3 under irradiation with visible light, 
which can be used for water splitting, can be interpreted by the plasmon 
model. When SrNbO3 is under irradiation, there will be a resonant collective 
oscillation of the electrons in the conduction band, which is the surface 
plasmon. Hot electrons are generated by the decay of the plasmon and 
transferred to co-catalysts (e.g. Pt), where the H+ reduction reaction can 
take place. The holes left in the SrNbO3 can drive the oxidation reaction at 
the surface of this material. However, it was reported that the visible light 
absorption was attributed to the electrons’ interband transitions and the 
electron-hole pair separation was attributed to a possible high mobility of 
the electrons, which is inconsistent with our model. To resolve this problem, 
the carrier transport properties were studied for this material. 
 The carrier dynamics of SrNbO3 
To further understand the role of the plasmon in the catalytic process, the 
transient absorption spectroscopy and time-resolved pump-probe 
spectroscopy were used to characterize the carrier dynamic process in 
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strontium niobate. The Fig. 3.14 shows the various excitation wavelength 
dependent differential reflectance (ΔR/R) spectra with different delay time. 
 
Fig. 3.13 Ellipsometry analysis of (a) The refractive index (n) and extinction 




Two peaks located near 600 nm (positive ΔR/R, 2.07 eV) and 670 nm 
(negative ΔR/R, 1.85 eV) are observed in the transient reflection spectra. 
The sign of differential reflection signal would be usually opposite to the sign 
of differential transmission signal (49, 50). Therefore, the positive 600 nm 
peak can be attributed to the optical absorption of the excited electrons (hot 
electrons), which might be the transition from the valence band to the deep 
trapped states. The negative 670nm peak can be attributed to both the 
transition from deep trapped states to conduction band and the optical 
absorption of plasmonic resonance which is consistent with the plasmonic 
resonance peak measured by the ellipsometry spectroscopy. It should be 
noted that though the transient absorption spectrum can show the signal 
from deep trap states, the transition process related with these states 
cannot be used for the photocatalytic water splitting process because the 
deep trapped states can only act as the recombination centers for photo 
generated electron-hole pairs. The intensity of differential transient 
reflection spectra excited by 685 nm pump light at 0.5 ps delay is very strong 
compared with that of other delays which can be attributed to the strong 
absorption of the plasmon resonance. 
Fig. 3.15 (a) shows the Landau decay process of plasmon resonance (51). 
The Landau decay process is very short which is in the time scale of a few 
hundred femtoseconds. The lifetime of Landau process as a function of 
excitation wavelength is presented in Fig. 3.15 (c). The lifetime increases to 
its maximum when the excitation wavelength is 685 nm which is near the 
plasmon peak of SrNbO3. Fig. 3.15 (b) shows decay curve of the transition 




Fig. 3.14 The transient absorption spectra of SrNbO3 thin films. The excitation 
wavelength of 350 nm (a), 685 nm (b), 700 nm (c) and 800 nm (d). dependent 
differential reflectance (ΔR/R) spectra with various delay time and a white 
light continuum probe. 
However, because the density of unfilled states in the conduction band 
depends on the thermal dissipation process of hot carriers, thus this decay 
lifetime corresponds to the thermal dissipation process of hot carriers in 
SrNbO3 film. We can see the lifetime of this process can be as long as 400 
to 550 ps when it is excited by the pump pulse with energy higher than that 
of the plasmon, while it will decrease to about 250 ps when the pump energy 
is lower than that of the plasmon. This shows that plasmon resonance can 
increase the lifetime of hot carrier thermal dissipation process which may 
also enhance the photocatalytic activity of SrNbO3 as the lifetime of the hot 
electrons is long enough for the carriers to convert water into gases before 
recombination.  




































































































Fig. 3.15 The excitation wavelength dependent carrier dynamic spectra with 
the probe wavelength at 670 nm with the time range of 2.0 ps (a) and 1100 ps 
(b). The excitation wavelength dependent carrier lifetimes with the probe 
pulse at 670 nm of two processes, the fast process (c) corresponding to the 
plasmon decay process and the slow process (d) corresponding to the thermal 
dissipation process. 
 The calculated band structure and projected density of states 
(DOS) of strontium niobate 
The energy band structures of SrNbO3, SrNbO3.4 and SrNbO3.5 are 
calculated using density functional theory (DFT) and shown in Fig. 3.16. In 
the calculations, the perovskite structure was assumed for the 
stoichiometric SrNbO3 compound, and the extra oxygen atoms for the hyper 
stoichiometric compositions were assumed to order into planar defects, as 
illustrated by the structural figures in the left panels of Fig. 3.16. This 
structural model is consistent with electron microscopy analyses that will be 
reported elsewhere. The Fermi level of SrNbO3 is located in the conduction 
band, which implies that this material is metallic even though the bandgap 
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is as large as 4.1 eV (we note the calculations predict a smaller bandgap 
relative to this experimental value, as is typically found from DFT). The 
Fermi level of SrNbO3.4 is located near the bottom of the conduction band, 
so the conductivity is poorer than that of SrNbO3 as there are fewer states 
for the free carriers leading to a lower carrier density. These results are 
consistent with the experimental measurements. Unlike SrNbO3 and 
SrNbO3.4, the Fermi level of SrNbO3.5 is located at the top of the valence 
band, so SrNbO3.5 is insulating and the film should be transparent, 
consistent with experiments. 
 
Fig. 3.16 Crystal structures and calculated band structures and projected 
density of states (DOS) of SrNbO3, SrNbO3.4 and SrNbO3.5 using DFT+U 
(U=4eV). (a) Distorted perovskite structure of SrNbO3. O2- : small red sphere, 
Sr2+: large green sphere, Nb4+: small blue sphere. Unit cell is shown with black 
solid line. (b) Band structure and DOS of SrNbO3, showing its metallic 
behavior. (c) Layered structure of SrNbO3.4 with extra oxygen layers inserted 
every 5 octahedral layers. The dash lines indicate where the extra oxygen 
layers are. Nb4+ (small blue sphere) and Nb5+ (small green sphere) are given 
different colors to show charge ordering in this composition. (d) Band 
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structure and DOS of SrNbO3.4, with significantly reduced carriers at the 
Fermi level. (e) Layered structure of SrNbO3.5, with an extra oxygen layer 
inserted every 4 octahedral layers. (f) Band structure and DOS of SrNbO3.5, 
showing its insulating behavior. 
3.4 Conclusion 
In summary, we have demonstrated that epitaxial, single crystal Sr0.94NbO3 
film can be obtained by PLD. The electron’s mobility of this material is very 
normal, only 2.47 cm2/(V∙s) at room temperature, so the interband transition 
model cannot be applied to explain the photocatalytic activity of this material. 
Further, the material has a degenerate conduction band with a gap of 4.1 
eV but the large carrier density leads to a large plasmonic resonance at 1.6- 
1.8 eV which simulates a mid-gap absorption. The lifetime of the plasmon 
in this material is very long (~200ps) and hence we propose that the hot 
electrons generated from the decay of plasmons produced by absorption of 
sunlight, should be responsible for the photocatalytic activity of this material. 
Understanding of this first plasmonic metallic oxide and its use as a 
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Chapter 4 Comparison of water splitting efficiencies of 
MNbO3- (M = Ca, Sr, Ba) 
4.1 Introduction 
The metallic oxide SrNbO3 has recently been introduced as a novel 
photocatalyst for water splitting applications (1). In this chapter, we report 
that all MNbO3 (where M=Ca, Sr, Ba) materials can be used as 
photocatalysts to harvest solar energy under visible to NIR irradiation. The 
temperature dependent resistance shows that all MNbO3 are metallic 
oxides and the magnitudes of carrier densities are of the order of 1022 cm-3. 
The hot carriers are generated from the decay of plasmonic resonance 
which exists in all MNbO3 due to the large intrinsic carrier densities. The 
reflection spectra of the MNbO3 thin films can be well fitted by Drude model 
and it reproduces the experimentally observed optical absorption peak in 
the visible for all M values. The relative performance of the photocatalytic 
activity for different M (where the water splitting efficiency of CaNbO3 > 
SrNbO3 > BaNbO3) shows a strong correlation with the product of the hot 
carrier lifetime, solar energy absorption and surface area. 
 Introduction to semiconductor photocatalysts. 
Photocatalytic water splitting has received considerable attention because 
hydrogen is a clean, renewable, and viable alternative to fossil fuels (2-4). 
Photocatalytic splitting of pure water into H2 and O2 is a typical “uphill 
reaction”, as there is a large positive change (ΔG0=237 kJ/mol) in the Gibbs 
free energy. It is similar to photosynthesis by green plants and hence is 
regarded as a form of artificial photosynthesis (5). As we all know, 
semiconductors have a band structure in which the conduction band is 
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separated from the valence band by a bandgap (5-7). and the electrons in 
the valence band will be excited to the conduction band when under 
irradiation, leaving holes in the valence band, thus the electron-hole pairs 
could be produced (4). Then electron-hole pairs would be separated and 
migrate to the surface of photocatalysts and cause redox reaction to split 
water into H2 (electrons in the conduction band) and O2 (holes in the valence 
band). To achieve overall water splitting, the theoretical minimum bandgap 
of semiconductor is 1.23eV (8). However, if the bandgap is significantly 
larger than 2 eV the solar absorption becomes too small. Therefore, most 
photocatalysts for the water splitting are exclusively semiconductors with 
bandgaps in this range (7).  
 The motivation to find more metallic photocatalysts. 
However, it was recently reported that a novel compound Sr1-xNbO3 (0.1  
x 0.2) can act as photocatalyst (1). It should be noted that this material is 
a metallic oxide because a positive temperature coefficient of resistance 
could be calculated from the curve of resistance as a function of 
temperature, as we have discussed in chapter 3. When under visible light 
irradiation, the Sr1-xNbO3 can drive the H2-evolution reaction and O2-
evolution reaction with the sacrificial reagent of oxalic acid and silver nitrate, 
respectively.  
As Ca, Sr and Ba belong to the same group in the periodic table it is 
extremely interesting to compare the photocatalytic properties of their 
niobate powders to see whether the CaNbO3 and BaNbO3 are 
photocatalysts and how the metal cation at A sites of the ABO3 perovskite 
structure can affect the photocatalytic efficiencies.  
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4.2 Experimental procedure  
In this chapter, we prepare the MNbO3 (M=Ca, Sr, Ba) powder for the 
photocatalytic reaction measurement to compare the efficiencies of these 
three materials (this efficiency is too low for thin film measurements). After 
that, we prepared the MNbO3 targets and deposited single crystalline 
MNbO3 thin films by pulsed laser deposition to examine and compare the 
electrical transport, optical absorption properties and hot carriers’ lifetime of 
MNbO3, all of which require epitaxial thin films. We find that all MNbO3 
materials can show photocatalytic properties. The difference of the 
photocatalytic efficiencies is correlated with the product of hot carrier 
lifetime, solar energy absorption and surface area of each MNbO3 material. 
The powders of CaNbO3, SrNbO3 and BaNbO3 are fabricated by solid-state 
synthesis method and all these powders can show the photocatalytic 
property. M4Nb2O9 was used as a precursor to prepare the MNbO3 powders 
and targets. It was synthesized by calcination of homogenized MCO3 
powder (Alfa Aesar CaCO3, 99.997%; SrCO3, 99.994%, -22 mesh; BaCO3, 
99.997%, -22 mesh) and Nb2O5 (99.9985%) powder mixtures in a molar 
ratio of 4:1. The mixtures were milled by hand grinding for 1 hour using a 
mortar for thorough mixing and then calcinated at 1200 °C for 12 hours. A 
second grinding process was performed, followed by calcination again to 
eliminate any second phases. These M4Nb2O9 powders were mixed with 
appropriate amounts of Nb (Alfa Aesar, 99.99%, -325 mesh, metals basis) 
and Nb2O5 powder according to the required stoichiometry (MNbO3). Hand 
grindings using a mortar were performed for 1 hour. The resultant powders 
were pressed into disk-shaped pellets (0.8-inch diameter) for the pulsed 
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laser deposition process. At the final stage powders (catalysis experiments) 
and targets (for transport, optical experiments) were wrapped in a 
molybdenum foil and calcinated at 1400°C for 20 hours in a flowing Ar 
atmosphere at a flow rate of 1.5 l/min.  
The CaNbO3 and SrNbO3 thin films with thickness of ~350 nm were 
deposited on LaAlO3 (100) (LAO (100)) substrate by PLD using the 
respective targets. The BaNbO3 thin film with the similar thickness was 
deposited on LaAlO3 (110) (LAO (110)) substrate by PLD. The crystallinity 
of BaNbO3 thin film deposited on LAO (110) substrate is superior to the ones 
on (100) substrate due to better lattice match.  All these thin films were 
deposited at the temperature of 760 °C and background pressure of 310-6 
mbar. The laser (=248 nm) energy density was 2.6 J/cm2 and the repetition 
rate was 5 Hz. After deposition, all samples were cooled to room 
temperature at 15°C/min at the deposition pressure. 
The crystal structure of the films was characterized by high resolution X-ray 
diffraction (Bruker D8 with Cu Kα1 radiation, λ = 1.5406 Å). The 
transmission, reflection spectra of these films were measured by UV-
Visible-NIR spectrophotometer (Shimadzu SolidSpec-3700). The resistivity, 
carrier density and mobility as a function of temperature were measured 
using a Physical Properties Measurement System (PPMS, Quantum 
Design Inc.). Dynamic light scattering (DLS) technique on 90 Plus Particle 
Size Analyzer was used to study the particle size (Brookhaven Instruments 
Corporation). 
The H2 evolution rate was measured by suspending 50 mg sample powders 
together with 1 wt. % Pt co-catalyst in 100 ml oxalic acid aqueous solution 
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(0.025M) under the irradiation of 200 W Xe lamp with 420nm long pass filter. 
The evolved H2 gas was quantified by an online gas chromatograph. 
All these experiments were carried out at room temperature. During the 
measurements, the energies of the pump and probe pulses were kept low 
enough to minimize damage to samples.  
4.3 Results and discussion 
 The photocatalytic efficiencies of MNbO3 
 
Fig. 4.1 The photocatalytic performance of alkaline niobate. (a) Typical time 
courses of H2 evolution of MNbO3 (M=Ca, Sr, Ba) powder in aqueous oxalic 
acid solution (0.025 M) with 50 mg catalysts (with 1wt% Pt).  
It should be noted that all MNbO3 (M=Ca, Sr, Ba) materials are active photo 
catalysts upon irradiation and the performance of the different alkaline 
niobates is shown in Fig. 4.1. The amount of the H2 production was 
measured as a function of time. As shown in Fig. 4.1, all these three 
materials can show photocatalytic properties and their H2 evolution 

































of these powders in the sequence changes from dark blue to red and then 
to brown.  
 
Fig. 4.2 The particle size (a) profile and surface area (b) of CaNbO3, SrNbO3 
and BaNbO3 powder 
To know whether the surface area of these catalysts can play a very 
important role in the measurement, the particle size was measured. As we 
can see in Fig. 4.2 (a), the particle sizes of these powders are different from 
each other, because the powders were prepared by hand grinding in 
mortars. However, by the particle size and its distribution the effective 
surface area can be estimated (Appendix II). As shown in Fig. 4.2 (b), the 
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CaNbO3 powder has the largest surface area of 676.98 cm2, while the 
SrNbO3 and BaNbO3 have a similar surface area of 430.04 cm2 and 449.58 
cm2, respectively.  
Thus the H2 evolution rate per unit area, per hour and per mass of catalyst 
can be calculated and is shown in Fig. 4.3. The H2 evolution rate per hour 
and per mass of catalyst is also shown here. As we can see, compared with 
SrNbO3 and BaNbO3 with efficiencies of 3.5610-2 mol/(g∙h∙cm2) and 
1.9610-2 mol/(g∙h∙cm2) respectively, CaNbO3 is the best catalyst with an 
efficiency of 4.4210-2 mol/(g∙h∙cm2).  Thus the A site cation in the 
perovskite crystal structure has a significant influence on the efficiency of 
the perovskite catalyst. 
 
Fig. 4.3 The H2 evolution rate per hour (blue line) and the H2 evolution rate 
per hour per unit area (red line) of CaNbO3, SrNbO3 and BaNbO3 powder. 
To understand how the A site cation affect the efficiency of these materials, 
the electrical transport properties, the optical absorption properties, the 
crystallinity and the hot carrier lifetimes of these materials was studied. 
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the large amount of grain boundaries and the varying grain sizes of power 
samples will influence the carrier mobility(9-11), optical absorption 
properties (12, 13) and hot carrier life times (14-17). Hence it is necessary 
to prepare high quality single crystalline epitaxial thin films of these material 
to study these intrinsic properties. 
 
Fig. 4.4 The -2 scan of the XRD spectra of MNbO3 (M=Ca, Sr or Ba) 
The thin films of MNbO3 form in perovskite structure on top of LAO (100) 
(LAO (110) for BaNbO3) substrates when deposited at ultrahigh vacuum 
environment. All of the MNbO3 thin films with the best crystallinity were 
deposited at a high vacuum of 310-6 Torr at 760°C. The XRD spectra of 
the θ-2θ scan is shown in Fig. 4.4. It indicates the thin films’ lattice constants 
along [001] crystal axis of CaNbO3, SrNbO3 and BaNbO3 are 3.95 Å, 4.07 
Å and 4.14 Å respectively. All the films’ peaks originated from the out-of-
plain lattice planes ((001), (002), (011) and (022)), hence we conclude that 
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 The electrical transport properties of MNbO3 
The electrical transport properties of these MNbO3 thin films are shown in 
Fig. 4.5. As seen in Fig. 4.5 (a), the resistivity of MNbO3 thin films increases 
with temperature, showing metallic conductive behavior. The carrier 
densities of all these thin films are in excess of 1022 cm-3, which is unusually 
large (Fig. 4.5 (b)). In contrast, the mobilities at room temperature of 
CaNbO3, SrNbO3 and BaNbO3 are 1.27 cm2/(V∙s), 2.47 cm2/(V∙s) and 0.5 
cm2/(V∙s), respectively, which are not very high compared with other 
metallic oxides (18). Obviously the electron’s mobility in all three materials 
is unremarkable and may not play a strong role in the water splitting process 
as had been proposed(1).  
 
Fig. 4.5 The electrical transport properties of MNbO3 thin films. The UV-
Visible-NIR reflection, transmission, absorption and reflection spectra by 
Drude-Lorentz fitting of (a) CaNbO3, (b), SrNbO3, and (c) BaNbO3. (d) The 
Tauc indirect plot of MNbO3 (M=Ca, Sr, Ba), which shows the bandgap of 
MNbO3. 
































































































 The absorbance efficiencies and plasmon resonance 
frequencies of MNbO3 
The UV-Visible-NIR transmission, reflection and absorption spectra of 
MNbO3 (M=Ca, Sr, Ba) films are shown in Fig. 4.6 (a) (b) and (c). In the 
transmission spectra of MNbO3, all of the three materials show absorption 
edges near 300 nm, which corresponds to the bandgap of these materials. 
In the range from 600nm to 1600nm in the reflection spectra of all these 
three materials, the spectra can be well fitted by Drude-Lorentz model with 
a plasmonic resonance which are shown as the blue curves in Fig. 4.6 (a), 
(b) and (c) (19). It is interesting to note that the plasmonic resonance exists 
in all the three materials with peaks of CaNbO3, SrNbO3 and BaNbO3 
positioned at 693nm, 715nm and 682nm, respectively. Because the 
transmission and reflection parts of the UV-Visible-NIR spectra have been 
obtained, we can get the pure absorption spectra by the equation, 
Absorption=1-Transmission-Reflection, which are shown in the dark blue 
curves with triangle symbols. As we can see, both an absorption edge and 
an absorption peak exist in all the absorption spectra of MNbO3.  The 
absorption edge locates at about 300nm, which is in the UV range and is 
due to the inter band transition from valence to conduction band. The 
absorption peak from plasmonic resonance locates at about 700nm, which 
is still in the visible range. Thus we can conclude that the plasmonic 
resonance of MNbO3 could play a dominant role in the solar energy 
absorption and hot carriers generation process (7, 20). The bandgaps of 
MNbO3 are obtained by Tauc plot and are shown in Fig. 4.6 (d). While the 
bandgap of SrNbO3 and BaNbO3 are close to each other (3.73eV and 




Fig. 4.6 The optical properties of MNbO3 films. The UV-Visible-NIR 
reflection, transmission, absorption spectra and reflection spectra by Drude-
Lorentz fitting of CaNbO3 (a), SrNbO3 (b) and BaNbO3 (c). (d) The Tauc 
indirect plot of MNbO3 (M=Ca, Sr, Ba), which shows the bandgap of MNbO3. 
 The transient absorbance spectra of MNbO3 
In the differential reflection spectra of MNbO3 (Fig. 4.7), which are 
measured by transient absorption spectroscopy, two broad peaks can be 
observed in all the MNbO3 thin films. The pump pulse can induce the 
transition of the measured sample from ground state to the excited states. 
These transitions can induce the photo bleaching and photo induced 
absorption of the probe pulse. Because the sign of differential reflection and 
transmission spectra are usually reversed, the positive ΔR/R signal shows 
the photo induced absorption process, while the negative ΔR/R signal 
shows the photo bleaching process.  









































































































Fig. 4.7 Differential reflection (ΔR/R) spectra of (a) CaNbO3,  (b)SrNbO3, 
and (c) BaNbO3 after excitation at 350 nm (500 Hz, 100 fs, 52.0 J/cm2) 
The differential reflection curves as a function of the probe delay of these 
thin films with the probe pulse at 600 nm and 720 nm can be well fitted with 
an exponential function to get the time constants. The time constants of 
CaNbO3, SrNbO3 and BaNbO3 with the probe pulse at 600 nm are 468, 433 
and 229 ps, respectively. The time constants of CaNbO3, SrNbO3 and 
BaNbO3 with the probe pulse at 720nm are 458, 443 and 247 ps, 
respectively (Fig. 4.8 (a) (b)). Thus the hot electron lifetime exceeds 200ps 
for all cases and follows the sequence of their photocatalytic efficiencies, 




Fig. 4.8 Normalized decay kinetic curve at (a) 600 nm and (b) 720 nm for 
MNbO3 thin films after excitation at 350 nm (500 Hz, 100 fs, 52.0 J/cm2). 
Next we need to estimate the amount of solar energy absorbed by the 
various films. To estimate this, we multiply the UV-Visible-NIR absorption 
spectrum of the film by the standard solar spectrum (ASTM G-173-03) (21). 
As shown in Fig. 4.9, CaNbO3 absorbs the most compared with SrNbO3 and 
BaNbO3, while SrNbO3 is second. Thus the solar energy absorption by 
CaNbO3, SrNbO3 and BaNbO3 also follows the sequence of their 
photocatalytic efficiencies.  
 
Fig. 4.9 The solar energy absorption spectra of MNbO3 which is calculated by 




Fig. 4.10 shows the H2 evolution rate and the product of solar power 
absorbed, hot carrier lifetime (the decay lifetime for probe wavelength at 
720 nm) and surface area (we call this product PLS). As can be seen, the 
H2 evolution rate are consistent with the PLS of each material. Thus we can 
conclude that the differences of solar power absorbed, hot carrier lifetime 
and surface area can account for the differences of photocatalytic 
efficiencies of CaNbO3, SrNbO3 and BaNbO3. 
 
Fig. 4.10 The strong correlationship between the H2 evolution rate per hour 
per gram with the product of solar energy absorption power, the life time of 
hot carriers and surface area of each MNbO3 material.  
4.4 Conclusion 
The water splitting efficiencies follow the sequence of CaNbO3 > SrNbO3 > 
BaNbO3. We find that though the mobilities of MNbO3 epitaxial films (M=Ca, 
Sr, Ba) are not high, their carrier densities are extremely high, ~ 1022 cm-3 
and only one order smaller than that of metals. Thus the plasmonic 
resonance should exist in such materials. Then we confirmed this deduction 
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by the Drude model fitting of reflection spectra. The hot carriers are 
generated by the decay of plasmonic resonance because only the 
plasmonic resonance absorption peaks of MNbO3 exist in the visible range. 
We also find that the lifetime of hot carriers and solar energy absorption of 
MNbO3 follow the sequence of photocatalytic efficiencies. Taking surface 
area into consideration, the photocatalytic efficiencies are consistent with 
the product of hot carrier’s lifetime, solar energy absorption and surface 
area of these materials. Thus, we can conclude that the above three 
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Chapter 5 New tunable and low-loss correlated plasmons 
in Mott-like insulating oxides 
5.1 Introduction 
 Introduction to this chapter 
Plasmonics has attracted tremendous interest on account of its ability to 
confine light into sub-wavelength dimensions and create novel nanoscale 
photonic devices with unprecedented functionalities. Plasmonics provides 
the way to integrate nanoscale photonic devices with the ever shrinking 
transistors on a chip. New plasmonic materials are actively being searched, 
especially those with tunable plasmons and low loss in the visible-
ultraviolet-IR range for their potential compatibility for device applications. 
Such plasmons commonly occur in metals, but many metals have high 
plasmonic loss in the optical range, which is a key issue in current 
plasmonic research. In this chapter, we cooperate with Dr. Teguh in 
Singapore Synchrotron Light Source (SSLS) and study a new form of 
tunable correlated plasmons in a wide bandgap, Mott-like metallic to 
insulating oxide from the SrNbO3+ family. These correlated plasmons have 
multiple plasmon frequencies and low loss (several times lower than gold) 
in the visible-ultraviolet range. Supported by theoretical calculations, these 
plasmons arise from the nanometer scale SrNbO3 metallic regions confined 
by the insulating extra oxygen planes that enhance the unscreened 
Coulomb interactions among charges on the SrNbO3 unit cells. The 
correlated plasmons are tunable: they diminish and ultimately vanish as the 







 The motivation to study plasmons in SrNbO3+ family material 
Plasmon offers a crossroad between photonics and nanoelectronics by 
combining the former’s high-bandwidth capability with the latter’s nanoscale 
integrability (1-5). Plasmonics utilizes plasmon, a collective excitation of 
charges that arise from interactions between electromagnetic fields (such 
as photons) and free charges (3). Conventionally, the plasmon frequency 
depends on the free-charge density (3); thus, high-frequency plasmons are 
usually found in metals due to their abundance of free charges, but are 
rarely observed in conventional wide band-gap insulators (3-5). In non-
conventional insulators such as strongly correlated Mott insulators (6), 
plasmons under long-range Coulomb interactions have been theoretically 
investigated but not experimentally observed (7). 
Meanwhile, the SrNbO3+ family of oxides are known to have rich structures 
and electronic properties that vary with oxygen content. For example, 
perovskite SrNbO3 is a metallic oxide with an Nb-4d1 electronic structure (8-
11), the plasmon frequency of which is at 688 nm as we have discussed in 
chapter 3. On the other hand, oxygen-rich SrNbO3.4 and SrNbO3.5, derived 
by interspersing the perovskite lattice of SrNbO3 with extra oxygen planes 
are parallel to the [101] planes at certain periodic intervals, is a quasi-one-
dimensional conductor and a ferroelectric insulator, respectively (11-18). 
The extra oxygen planes may affect the plasmon resonance and thus it 
would be very interesting to study the plasmon resonance in oxygen-rich 
SrNbO3.4 and SrNbO3.5 to know how the effect of extra oxygen plane on 




5.2 Experimental Procedure 
The Sr1-xNbO3+ films are deposited on LaAlO3 (001) substrates by PLD. 
The laser used is a Lambda Physik Excimer KrF ultraviolet laser with a 
wavelength of 248 nm, energy density of 2 J/cm2, and pulse frequency of 5 
Hz. The three thick films are deposited at 750°C and oxygen partial 
pressures of 5×10-6 Torr, 3×10-5 Torr, and 1×10-4 Torr, respectively. 
Different film thicknesses could be achieved by varying the deposition time. 
Typically, ~130 nm thick film could be obtained with half an hour deposition. 
These SrNbO3+ films with varying oxygen content, electrical conductivity 
(from metallic to insulator-like), and film thicknesses are studied using 
spectroscopic ellipsometry, atomic-resolution transmission electron 
microscopy, transport measurements, and supported by theoretical 
calculations based on coupled harmonic oscillators model and density 
functional theory. The results show a surprising observation of a new form 
of correlated plasmons in the insulator-like film, itself also revealed to be a 
strongly-correlated Mott-like insulator. The correlated plasmons unusually 
have multiple plasmon frequencies (~1.7, ~3.0, and ~4.0 eV) and low loss 
(several times lower than gold) in the visible-ultraviolet range. Supported by 
theoretical calculations, these correlated plasmons arise from collective 
excitations of correlated electrons in the film, where the nanometer-spaced 
confinement of extra oxygen planes causes an increased Coulomb 
repulsion among the electrons. The correlated plasmons are tunable: they 
diminish and ultimately vanish as extra oxygen plane density or film 
thickness decreases. In particular, the decrease of extra oxygen plane 
density increases the electrical conductivity, and, as correlated plasmons 
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are vanishing in the metallic films, the increased free-charge density causes 
conventional plasmon to arise at ~1.9 eV. 
5.3 Results 
 The electrical transport property of SrNbO3+ 
The SrNbO3+δ films are deposited on LaAlO3 (100) substrates using pulsed 
laser deposition under three oxygen pressure conditions: 5×10-6, 3×10-5, 
and 1×10-4 Torr, labelled as lp-SNO, mp-SNO, and hp-SNO, respectively. 
Transport measurements reveal that lp-SNO is metallic with room-
temperature resistivity of 10-4 ∙cm, while mp-SNO and hp-SNO are 
semiconductor-like with room-temperature resistivity of 6×10-3 and 6 Ω∙cm, 
respectively. The lp-SNO has an extremely large room-temperature carrier 
density of 1022 cm-3, while the carrier density is ~4×1021 cm-3 in mp-SNO. 
The room-temperature mobility is ~2.5 cm2/(V∙s) for lp-SNO and ~0.3 
cm2/(V∙s) for mp-SNO. The thickness of the three main films is ~196 nm, 
~218 nm, and ~168 nm for lp-SNO, mp-SNO, and hp-SNO, respectively. 
For thickness-dependent study, thinner hp-SNO films with varying 
thicknesses of ~81 nm, ~52 nm, and ~20 nm are also deposited. The crystal 
structures of the films are studied using X-ray diffractions shown in Fig. 5.1. 
 The complex dielectric function and loss function of SrNbO3+ 
Fig. 5.2 shows the complex dielectric function, 𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔), and 





 of the films extracted from 
spectroscopic ellipsometry, where  is the photon angular frequency. Each 
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peak in the transverse 𝜀(𝜔) spectra indicates an optical excitation while 
each peak in the longitudinal LF spectra indicates a plasmonic excitation. 
 
Fig. 5.1 X-ray diffraction spectra of lp-SNO, mp-SNO, and hp-SNO. The in-
plane lattice constant of all films is found to be 4.04 Å. Meanwhile, the out-of-
plane lattice constant of lp-SNO and mp-SNO is 4.10 Å whereas for hp-SNO it 
is 4.02 Å 
For sub-X-ray photons, the photon momentum transfer, q, is finite but 
approaches zero because it is much less than the crystal momentum. In this 
limit, the distinction between longitudinal (l) and transverse (t) of 𝜀(𝜔) 
vanishes, i.e., lim
𝑞→0
𝜀𝑙(𝑞, 𝜔) = 𝜀𝑡(𝑞, 𝜔) , which allows sub-X-ray optical 
spectroscopy to probe both optical and plasmonic properties of materials in 
the low q limit (19). All of the optical and plasmonic peaks are listed in Table 
5.1. It should be noted that as hp-SNO is insulator-like, photoemission 
spectroscopy measurements such as electron energy loss spectroscopy 
might be challenging for hp-SNO due to significant charging effects. 
The 𝜀2(𝜔) of lp-SNO (Fig. 5.1 (b)) shows a Drude absorption feature (A1) 
and the first interband transition peak (A2, ~4.6 eV), which has been 
attributed as O-2p  Nb-4d transition (10, 11). The LF of lp-SNO (Fig. 5.1 
(b)) shows a large peak (A’1, ~1.9 eV) which coincides with the zero-
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crossing of 𝜀1(𝜔)  at ~1.84 eV (Fig. 5.1 (a)) and is very close to the 
reflectivity minimum at ~2.1 eV (Fig. 5.3), indicating that the peak comes 
from a conventional plasmon excitation (3). There is a slight blue shift 
between the A’1 peak and the 𝜀1(𝜔) zero crossing due to the free-electron 
scattering. Consequently, from this blue shift along with the full-width half-
maximum (FWHM) of the A’1 peak we can estimate the free-electron 
scattering (1/) in lp-SNO to be ~0.47 eV and its conventional plasmon 
dephasing time (T2) to be ~2.8 fs. 
Meanwhile, in the less-conducting mp-SNO, the conventional plasmon peak 
(B’1 in Fig. 5.2 (c)) red-shifts to ~1.7 eV due to the decrease in free-charge 
density. From the FWHM of the B’1 peak and its blue shift with respect to 
the 𝜀1(𝜔) zero crossing at ~1.62 eV, the 1/ and T2 in mp-SNO can be 
estimated to be ~0.52 eV and ~2.5 fs, respectively. The reflectivity minimum 
also red-shifts to ~1.9 eV (Fig. 5.3). Besides the Drude (B1) and the first 
interband transition peaks (B4), the 𝜀2(𝜔)  of mp-SNO also shows two 
additional peaks at ~3.5 (B2) and ~4.5 eV (B3). Particularly for B2, it shares 
the same shape and energy position with the B’2 of the corresponding LF 
spectrum. As discussed below, B’2 is a new form of correlated plasmon, with 
a different origin from the B’1 conventional plasmon. 
An important observation is shown in the 𝜀2(𝜔) and LF spectra of hp-SNO 
(Fig. 5.2 (d)). The 𝜀2(𝜔) shows that hp-SNO has no apparent Drude peak, 
consistent with transport measurement, with a wide bandgap of ~4.6 eV 
(C5). Interestingly, below this bandgap there exists several mid-gap peaks 
at ~1.7 (C1), ~3.0 (C2), ~4.0 (C3), and ~4.5 eV (C4) with low overall 𝜀2(𝜔) (< 
1 for C1 and C2). Particularly, C1, C2, and C3 peaks share very similar shapes 
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and energy positions with another group of three peaks in the LF spectrum: 
C’1, C’2, and C’3, respectively (just like the similarities between B2 and B’2 
peaks of mp-SNO). 
 
Fig. 5.2 Complex dielectric function and loss function spectra of lp-SNO, mp-
SNO, and hp-SNO. a, Real part of complex dielectric function, 1(), of lp-
SNO, mp-SNO, and hp-SNO. Vertical dashed lines indicate the zero-crossings 
of 1()  of lp-SNO (red) and mp-SNO (purple). b, Imaginary part of complex 
dielectric function, 2() , and loss function, -Im[-1()] spectra of lp-SNO. c, 
The 2() and -Im[-1()] spectra of mp-SNO. d, The 2() and -Im[-1()] 
spectra of hp-SNO. Insets show parts of the spectra zoomed in for clarity.  
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Table 5.1 Optical and plasmonic excitations in lp-SNO, mp-SNO, and hp-SNO. 
lp-SNO 
Optical (ε(ω)) Plasmonic (loss function) 
Peak Energy (eV) Peak Energy (eV) 
A1 0 A’1 ~1.9 
A2 > ~4.6 - - 
 
mp-SNO 
Optical (ε(ω)) Plasmonic (loss function) 
Peak Energy (eV) Peak Energy (eV) 
B1 0 B’1 ~1.7 
B2 ~3.5 B’2 ~3.5 
B3 ~4.5 B’3 ~4.5 
B4 > ~4.6 - - 
 
hp-SNO 
Optical (ε(ω)) Plasmonic (loss function) 
Peak Energy (eV) Peak Energy (eV) 
C1 ~1.7 C’1 ~1.7 
C2 ~3.0 C’2 ~3.0 
C3 ~4.0 C’3 ~4.0 
C4 ~4.5 C’4 ~4.6 
C5 > ~4.6 C’5 ~5.5 
 
 
Fig. 5.3 Refractive index, extinction coefficient, normal-incident reflectivity, 
and absorption coefficient of lp-SNO, mp-SNO, and hp-SNO. a, Refractive 
index, n, of lp-SNO, mp-SNO, and hp-SNO. b, Extinction coefficient, κ, of lp-
SNO, mp-SNO, and hp-SNO. c, Normal-incident reflectivity of lp-SNO, mp-
SNO, and hp-SNO. d, Absorption coefficient, α, of lp-SNO, mp-SNO, and hp-
SNO. The legend is shown in a. Insets show parts of the spectra zoomed out to 




The energy positions of both group of peaks are also very close to the 
reflectivity minima of hp-SNO (Fig. 5.3) at ~1.9 eV, ~3.2 eV, and ~4.2 eV. 
These indicate that the two groups of peaks come from a similar plasmonic 
origin and there is a coupling between optical and plasmonic excitations in 
hp-SNO (and to a lesser extent, in mp-SNO). As discussed later, these 
plasmons are born from collective excitations of correlated electrons, and 
are thus called correlated plasmons. Meanwhile, the C4 peak (which is 
similar with B3 peak of mp-SNO) may be exciton in origin due to its relative 
sharpness, asymmetric shape, and energy position that is just below the 
bandgap. 
As the first approximation, the dephasing time of these correlated plasmons 
may be estimated from FWHM of each peak. The FWHM of C1’, C2’, and C3’ 
peaks is ~0.7 eV, ~0.68 eV, and ~0.38 eV, respectively. This leads to the 
dephasing time of ~1.9 fs, ~1.9 fs, and ~3.5 fs, respectively. We note that 
the scattering and dephasing mechanisms in correlated systems might be 
different from those in weakly correlated metals due to long-range 
correlation effects as discussed later. 
The correlated plasmons of hp-SNO are fundamentally different from 
conventional (bulk) plasmon in lp-SNO or conventional metals such as gold 
(3, 5, 20), for the following reasons. First, since hp-SNO is insulator-like, the 
correlated plasmons cannot be originated from collective excitation of free 
charges. In fact, as free-charge density increases in mp-SNO, the 
correlated plasmons instead become weaker and ultimately vanish in lp-
SNO. Second, in lp-SNO and gold the 𝜀1(𝜔)  is negative below the 
conventional plasmon energy and conventional plasmon occurs at the zero-
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crossing of 𝜀1(𝜔) (albeit with a slight blue shift due to the free-electron 
scattering), while the 𝜀1(𝜔) of hp-SNO stays positive below the correlated 
plasmon energies. Third, conventional plasmons as in lp-SNO and gold 
usually only have one (bulk) plasmon energy, while hp-SNO has at least 
three observable correlated plasmon energies with a seemingly ordered 
energy ratio. This is somewhat similar to a previous theoretical result where 
the presence of long-range Coulomb interaction in correlated systems could 
induce multiple plasmon energies to appear (7). These theoretical plasmon 
energies also had an ordered ratio of U* and U*/2 where U* was the 
effective local Coulomb interaction, although the energy ratio of the 
observed correlated plasmons of hp-SNO is not as straightforward to 
deduce. Intriguingly, the 𝜀2(𝜔) of hp-SNO below its band-gap is several 
times (e.g., ~6 times at 3.0 eV) lower than that of gold (5, 20), which means 
the correlated plasmons have low loss in the optical visible-ultraviolet range. 
To explain these differences, we further study the optical conductivity 
(𝜎1(𝜔) = 𝜀0𝜀2(𝜔)𝜔, where 𝜀0  is the vacuum permittivity), spectral weight 
transfer, and atomic structure of the films. 
 Optical conductivity and spectral weight analysis 
The σ1(ω) analysis (Fig. 5.4 (a)) is important because it obeys the f-sum 





, where n, e, and 
me is the total electron density, elementary charge, and electron mass, 
respectively. From this rule, a partial spectral weight integral of an energy 
region (e.g., from E1 to E2) can be defined as 𝑊 = ∫ 𝜎1(𝐸)𝑑𝐸
𝐸2
𝐸1
. The W is 
proportional to the effective number of electrons participating in the optical 
excitations, which means by analyzing the evolution of W we can study the 
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various charge transfers that occur in the films and gauge their electronic 
correlations (21, 23-25). For this purpose, the σ1(ω) spectra are divided into 
three energy regions: W1 for the Drude peak (0.6-2.0 eV), W2 for the mid-
gap plasmonic peaks (2.0-4.3 eV), and W3 for the first interband transition 
of O-2pNb-4d (4.3-6.5 eV). The evolution of each W across the three films 
is shown in Fig. 5.4 (b). 
 
Fig. 5.4 Optical conductivity spectra, and spectral weight, W, of lp-SNO, mp-
SNO and hp-SNO. a, The 1() of lp-SNO, mp-SNO, and hp-SNO. b, 
Evolution of W of three energy regions: W1 (0.6-2.0 eV), W2 (2.0-4.3 eV), and 




As free-charge density decreases from lp-SNO to mp-SNO, the decrease 
of W1 (Drude region) is accompanied by an increase of W3. This can be 
understood because the decreased number of electrons in the conduction 
band (Nb-4d) increases the available unoccupied states necessary for the 
first interband transition of O-2pNb-4d. Thus, as free-charge density 
further decreases and ultimately vanishes during a transition from metal to 
an insulator, the diminishing of Drude peak is expected to be accompanied 
by a further increase of W3. Surprisingly, Fig. 5.4 shows this is not the case 
for the metal-insulator transition (MIT) between mp-SNO and hp-SNO, 
because instead W1 and W3 both decrease as MIT occurs, leading to an 
overall decrease of W below 6.5 eV. According to the f-sum rule and 
because hp-SNO is insulator-like with no apparent Drude peak, this 
decrease has to be compensated by an equivalent increase of W above 6.5 
eV, implying spectral weight transfers over large energy ranges on the onset 
of the MIT. Such large-range spectral weight transfers are an indication of 
strong electronic correlation, signifying that hp-SNO is most likely a Mott-
like insulator and the MIT occurs as the Coulomb repulsion between 
electrons becomes stronger (i.e., unscreened) and electronic correlation 
increases. This also means the plasmons in hp-SNO are a new type of 
correlated plasmons born from collective excitations of correlated electrons. 
 Oxygen extra planes in SrNbO3+ 
The three films are also studied using transmission electron microscopy 
(TEM) to determine their microstructures. Atomic resolution z-contrast 
scanning-TEM images of lp-SNO, mp-SNO, and hp-SNO are shown in Fig. 
5.5 (a-c). The global arrangement of the atomic structure of lp-SNO (Fig. 
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5.5 (a)) exhibits a long-range perovskite structure (8), whereas those of mp-
SNO and lp-SNO (Fig. 5.5 (b) and (c)) exhibit a short-range perovskite 
structure interspersed with high densities of ordered {101} and {-101} extra 
oxygen planes that occur every few unit cells (shown in high magnification 
in Fig. 5.5 (d)). Their position-averaged atomic structure (Fig. 5.5 (e)) 
matches with the known extra oxygen plane structure of bulk SrNbO3.4 
shown overlaid onto the image (12). The density of these planes 
qualitatively appears to increase with oxygen deposition pressure (Fig. 5.5 
(a-c)), and quantitatively there is a fourfold increase from mp-SNO to hp-
SNO. This is consistent with an increased incorporation of extra oxygen with 
higher oxygen deposition pressure. 
 
Fig. 5.5 Atomic resolution scanning transition electron microscopy (STEM) of 
lp-SNO, mp-SNO, and hp-SNO. a, b, and c, Atomic-resolution high-angle 
annular dark-field (HAADF) STEM images are shown for lp-SNO, mp-SNO, 
and hp-SNO, respectively. The scale bars are 8 nm. Arrays of {101} and {-101} 
extra oxygen planes manifest as superlattice peaks/streaks in the fast Fourier 
transform (FFT) patterns (inset). Bragg filtering is used to colorize the (-101) 
(red) and (101) (yellow) extra oxygen planes according to the respective 
highlighted regions of the FFT. d, A higher magnification atomic-resolution 
HAADF image of hp-SNO depicts one such region of extra oxygen planes 
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(arrows). e, Averaged cross-section images corresponding to the template 
region highlighted in d are shown for both Bright Field (inverted) and HAADF 
STEM images. The extra oxygen plane structure of SrNbO3.4 is overlaid (Sr = 
green, Nb = blue, O = red) and clearly matches the observed HAADF and 
Bright Field atomic positions. 
 Thickness-dependent study of correlated plasmons 
To examine such size-dependent effects on the properties of the correlated 
plasmons, hp-SNO films with thinner thicknesses of ~81 nm, ~52 nm, and 
~20 nm are also deposited and studied using spectroscopic ellipsometry, 
and the results are shown in Fig. 5.6. Interestingly, both the energy and 
number of excited correlated plasmons in hp-SNO change when the film 
thickness changes. In particular, the number of correlated plasmon peaks 
decreases as the film thickness decreases. When the film thickness 
decreases further to ~20 nm, the correlated plasmon disappears Fig. 5.6 
(d)). This means that besides using the oxygen deposition pressure, the 
correlated plasmons can also be tuned by varying the thickness of the hp-
SNO film. This is again fundamentally different from conventional plasmons 
where only the plasmon energy is changing when the metallic nanoparticle 
size is changed (3). 
The disappearance of correlated plasmons in the ~20 nm hp-SNO film is 
particularly interesting. To investigate this further, we study the σ1(ω) and 
W of the thickness-dependent hp-SNO films shown in Fig. 5.6. It can be 
seen that as the film thickness decreases, the spectral weight of the first 
interband region (> 4.3 eV), W3, increases. This means that these thinner 
hp-SNO films have less wide-range spectral weight transfer that signifies 
their correlation strength (26). In particular, the W3 of the ~20 nm hp-SNO 
film is almost as high as that of the metallic mp-SNO (Fig. 5.4 (b), Error! 
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Reference source not found. (b)), which means that the ~20 nm hp-SNO 
is most likely a weakly-correlated system. This further emphasizes the 
connection between the correlated plasmons, electronic correlation and the 
dimensionality: as the film becomes thinner, the electronic correlation 
becomes weaker and the correlated plasmons also become weaker and 
ultimately vanish. 
 
Fig. 5.6 Optical conductivity spectra, 𝛔𝟏(𝛚), and spectral weight, W, of hp-
SNO films with varying thicknesses. a, The 𝛔𝟏(𝛚)  of hp-SNO films with 
varying thicknesses. The 𝛔𝟏(𝛚)  of the standard ~168 nm hp-SNO is also 
shown for reference. b, Evolution of W of three energy regions: W1 (0.6-2.0 
eV), W2 (2.0-4.3 eV), and W3 (4.3-6.5 eV) across hp-SNO films with varying 
thicknesses. The Wtot is the total W from 0.6 to 6.5 eV. The W3 of mp-SNO 
(purple filled circle) is also shown for comparison. The abbreviation ‘CP’ 
stands for ‘correlated plasmon’. 
5.4 Discussion 
The presence of extra oxygen planes in hp-SNO and their absence in lp-
SNO accompanied by remarkable changes in 𝜀(𝜔)  and 𝜎1(𝜔)  spectra 
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indicate that the interplay between extra oxygen planes and electronic 
correlations plays important role in the plasmonic excitations and MIT 
between the films. For lp-SNO, its negative 𝜀1(𝜔) value below ~1.9 eV and 
strong Drude response indicate that the Coulomb repulsions between its 
Nb-4d electrons are screened, making it a weakly-correlated metal similar 
to Sr1-xNbO3 (9-11). Meanwhile, non-negative 𝜀1(𝜔) value and wide-range 
spectral weight transfer in thick (~168 nm) hp-SNO indicate the Coulomb 
interactions among its Nb-4d electrons are unscreened, which leads to 
strong electronic correlation. In this regard, the extra oxygen planes in the 
thick hp-SNO act as high-potential walls that prevent the Nb-4d electrons 
from hopping across the planes, confining them and making them feel 
stronger Coulomb repulsions. This changes their behavior from itinerant to 
localized and transforms the system into a strongly-correlated Mott-like 
insulator (6). 
Furthermore, since the extra oxygen planes are embedded throughout the 
volume of the hp-SNO film, the correlated plasmons disappear in the very 
thin hp-SNO film, and hp-SNO itself is a Mott-like insulator with little to no 
free electrons at its surface. The occurrence of the extra oxygen planes 
every few unit cells (every 5 unit cells for SrNbO3.4) also means that the 
correlated plasmons have nanometer-spaced (~2 nm for SrNbO3.4) 
confinement in the film (Fig. 5.1). 
The electronic confinement is further supported by density functional theory 
calculations shown in Fig. 5.7(a) and (b). The calculations show that the 
presence of oxygen planes in SrNbO3.4, which shares similar extra oxygen 
plane structure with hp-SNO, can indeed induce electronic confinement on 
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Nb-4d electrons (Fig. 5.7 (b)), consistent with previous report (11). This 
confinement is not observed in SrNbO3 (Fig. 5.7 (a)), which has no extra 
oxygen planes similar to lp-SNO. In the following discussion we model and 
explain the conventional and correlated plasmons of the thick films based 
on this electronic confinement induced by the extra oxygen planes. 
Conventional plasmon can be classically described using the Drude model 
as a collective oscillation of free charges against a positively charged ionic 
background (Fig. 5.7 (c)). The theoretically calculated 𝜀(𝜔) and LF spectra 
of lp-SNO using Drude model (Fig. 5.7 (e) and (f)) agree very well with 
experimental data below the bandgap. 
 
Fig. 5.7 Coupled harmonic oscillator model of correlated plasmons. a, 
Theoretical Nb-4d electron density iso-surface of SrNbO3 superimposed on 
SrNbO3 crystal structure (Sr = green, Nb = blue, O = red, iso-surface = yellow). 
b, Theoretical Nb-4d electron density iso-surface of SrNbO3.4 superimposed on 
SrNbO3.4 crystal structure. Black dashed lines denote the oxygen walls. The 
Nb-4d electrons occupy only the middle three Nb planes while those close to 
the oxygen walls are depleted of electrons. c, Illustration of conventional 
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plasmon. Red wave pattern represents the oscillation of free charges while 
grey spheres denote the underlying positively-charged Nb ionic background. 
d, Illustration of coupled harmonic oscillator model of correlated plasmon, 
showing the case where there are seven oscillators in one chain bounded by 
two oxygen walls, i.e., the coupled seven-oscillator model. Red and green 
spheres represent the renormalized quasi-electrons coupled by spring-like 
interaction, while blue lines represent the oxygen walls. e, Calculated real part 
of complex dielectric function, 1() of conventional plasmon using Drude 
model and that of correlated plasmon using coupled seven-oscillator model. 
Red dashed line indicates the zero-crossing of 1() calculated using Drude 
model. Inset shows parts of spectra zoomed in for clarity. f, Calculated 
imaginary part of complex dielectric function, 2(),and loss function, -Im[-
1()], of conventional plasmon using Drude model. g, Calculated 2() and -
Im[-1()] of correlated plasmon using coupled seven-oscillator model. 
Meanwhile, because in thick hp-SNO the Nb-4d electrons are confined by 
oxygen walls, we qualitatively model its correlated plasmons oscillations in 
the low wave vectors (or momentum transfer, q  0), as those of a chain of 
coupled harmonic oscillators bounded by two oxygen walls (Fig. 5.7 (d) ). 
Each mass corresponds to each quasi-electron while the springs represent 
the effective Coloumb interactions between neighboring quasi-electrons. 
Because the quasi-electrons might have different effective masses and 
charges from bare electrons due to correlation effects, in the calculations 
we vary these along with the number of oscillators in one chain to find the 
set of parameters that can best describe the experimental data (7). 
From the calculation results (Fig. 5.7 (e) and (g)), we find that the coupled 
oscillator model is able to qualitatively resemble the experimental 𝜀(𝜔), LF, 
and correlated plasmons of thick hp-SNO below the bandgap when the 
chain between the oxygen walls contains seven oscillators. To get the 
correct magnitude of 𝜀(𝜔), the effective masses of the quasi-electrons are 
set to ~25me, suggesting that the masses are heavily renormalized due to 
electronic correlation. Interestingly, we also find that to match the intensity 
trend of the correlated plasmon peaks, the quasi-electrons need to have 
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alternating charges, i.e., the quasi-electrons nearest to the walls have -e 
charge, their immediate neighbors +e charge, and so on, suggesting that 
the originally itinerant electrons have transformed into quasi-electrons and 
holes distributed alternatingly along the chain due to correlation. This is 
consistent with the previous report of possible formation of charge density 
wave in SrNbO3.4 (16). 
The estimated heavy effective mass and the alternating charge 
arrangement of the quasi-electrons should also affect the dephasing time 
of the correlated plasmons. The heavy effective mass of the quasi-electrons 
can make the confined electrons (and thus the correlated plasmons) much 
more inertial against scattering, which can significantly enhance the 
correlated plasmon dephasing time. Furthermore, the redistributed charge 
arrangement would also alter their scattering profile to be different from that 
of nearly-free bare electrons in metals. 
5.5 Conclusion 
In conclusion, we have demonstrated that depending on the electronic 
correlation strength, different types of plasmons can be excited in SrNbO3+δ 
films. In weakly-correlated metallic films, conventional plasmons dominate. 
Meanwhile, in strongly-correlated Mott-like insulating films, low-loss 
correlated plasmons, which have fundamentally different properties and 
origins from conventional plasmons, are excitable instead. The correlated 
plasmons arise from the nanometer-spaced confinement of extra oxygen 
planes in the film and, in general, can be tuned by changing the electronic 
correlation strength. This can be accomplished by changing the extra 
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oxygen plane density, for example by varying the oxygen pressure during 
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Chapter 6 The nonlinear optical properties of MNbO3 
(M=Ca, Sr, Ba) thin films 
6.1 Introduction to saturable absorption 
 The nonlinear optical properties of saturable absorption 
Saturable absorption property is one of the many important nonlinear optical 
phenomena. The material with saturable absorption property will absorb 
less light when the intensity of incident light is sufficiently high (1). The 
species (electrons or atoms) of one saturable absorber material will be 
elevated to the excited states when this material is under proper irradiation 
leading to more and more species being in the excited state with increasing 
irradiation. When the light irradiation is high enough, the rate of excited 
species generation will be much higher than that of excited species 
decaying back to the ground state, thus the ground state will become 
depleted leading to reduced absorption. The crucial parameters of a 
saturable absorber are response wavelength range, the recovery time, 
saturation intensity and fluence (2, 3). 
 The application of saturable light absorber 
As we have discussed in chapter 2, the ultrashort laser pulse technique has 
become a very powerful tool to probe the ultrafast physical and chemical 
processes, such as the excitation of electron-hole pairs and carrier diffusion 
processes. The high peak intensity of the ultrashort laser pulse can also 
lead to nonlinear optical interaction between the specimen and photons. 
Thus the technique of ultrashort laser pulse generation is very important in 
the area of laser technology. Saturable absorber is a basic component in 
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the passive mode locking technique which is an important method to 
produce laser pulses with extremely short duration (10-12 s to 10-15 s) (4-7). 
The saturable absorber in passive mode locking can selectively absorb the 
low intensity part of one laser pulse, the other part of this laser pulse with 
sufficiently high intensity can transmit through it. Thus it can exhibit an 
intensity-dependent transmission behavior. The pulse generation in a 
passive mode locking originates from the noise fluctuation in the laser cavity. 
The commonly used saturable absorbers can be divided into two classes: 
fast saturable absorbers and slow saturable absorbers (6-9). The slow 
saturable absorbers are liquid organic dyes or some semiconductors (8, 10). 
This kind of saturable absorber cannot recover its ground state in a 
timescale of the laser pulse. This type of technique usually requires a gain 
material to compensate the energy loss on the trailing edge of the pulse 
while the saturable absorber would absorb the leading edge. On the other 
hand, fast saturable absorber can respond instantaneously to the light 
intensity and can recover its ground state in a timescale comparable to the 
laser pulse duration (6). Thus this technique can produce a laser pulse 
without gain-saturation dynamics (7). It was reported that the atomic-layer 
graphene can be used as a saturable absorber in the mode locking of 
ultrashort pulsed laser because of its wide saturated range from visible to 
NIR, small non-saturable loss and high damage threshold (11-13). 
During the last half century, a large amount of saturable absorber materials 
have been discovered such as laser dyes, doped crystal, semiconductor, 
metal nanoparticles, graphene and even the topological insulator (2, 3, 11, 
13-16). However, all these saturable absorbers have their own 
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disadvantages. With the development of compact ultrafast laser technique, 
especially the ultrafast fiber laser technique, it is more and more desirable 
to find novel saturable absorbers that have ultrafast responses, strong 
optical nonlinearity, low cost and higher power handling (3). Thus we have 
studied the nonlinear optical properties of MNbO3 and demonstrate it in this 
chapter. 
6.2 Experimental procedure 
In this chapter, we prepared MNbO3 thin films deposited on 
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) substrates by pulsed laser deposition 
(PLD) to study the nonlinear optical property of MNbO3. The crystal 
structure of the samples were characterized by X-ray diffraction. The optical 
absorption coefficient was determined by UV-Visible spectroscopy. The 
electrical transport property was also measured by physical property 
measurement system (PPMS). The nonlinear optical property of these thin 
films was characterized by the Z-scan technique. 
The PLD targets of MNbO3 we were using in this chapter is the same with 
the targets we used in chapter 4. Because the niobium element is in the 
group of transition metal or d-block in periodic table, niobium has a partially 
filled d sub-shell. The stable valence of oxidation state is +5. However, the 
valence of Nb in strontium niobate is +4. Thus in the solid state synthesis 
technique, the +4 Nb element is very easy to be oxidized to +5 at high 
temperature and a noble gas atmosphere is needed during the calcination 
of these targets. 
The (LaAlO3)0.3(Sr2TaAlO6)0.7 is a hard, optically transparent ceramic oxide. 
It has a perovskite crystal structure. LSAT has a phase transition from cubic 
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to tetragonal or cubic to orthorhombic at 150 K (17). Fig. 6.1 shows the 
transmittance spectrum of LSAT substrate with the size of 5 mm  5 mm  
0.5 mm. An absorption edge near 250nm can be observed very clearly and 
the derived optical bandgap is 4.73 eV. The lattice constant of LSAT is 
3.868 Å, which make it compatible with a wide range of perovskite oxides. 
Further, LSAT substrate has very low electrical conductivity, very high 
thermal and chemical stability, thus it can be used in a large window of 
growth conditions. LSAT have been widely used as substrate for the high 
Tc superconductors, oxide heterostructures and rare-earth manganites, 
such as Yttrium barium copper oxide (YBCO), strontium titanate (SrTiO3) 
and gallium nitride (GaN). 
The thin films of MNbO3 were deposited on LSAT substrates from these 
targets by pulsed laser deposition where a Lambda Physik Excimer KrF UV 
laser with wavelength of 248 nm was used. The films were deposited at 
760°C, laser energy density of 2 J/cm2 with frequency of 5 Hz and oxygen 
partial pressure of 3 × 10-6 Torr. Typically, 130~200 nm thick films could be 
obtained with half an hour deposition. After deposition, all samples were 
cooled to room temperature at 15°C/min at the deposition pressure. 
Thickness of MNbO3 thin films are 150.73 nm, 112.74 nm and 197.98 nm, 
respectively. The thickness of the films were determined by the surface 




Fig. 6.1 Transmittance spectrum of LSAT with the size of 5  5  0.5 mm, an 
absorption edge observed near 250nm shows the optical band gap of LSAT is 
~4.73 eV. 
Z-scan technique is a simple but powerful method to characterize the 
nonlinear property of one material (18). The details of this technique have 
been discussed in chapter 2. In this work, the 800 nm laser beam generated 
by a Ti:sapphire oscillator seeded regenerative amplifier laser system was 
directly used as the excitation beam. The thin film is in the front side and 
exposed directly to the laser to eliminate the signal from the substrate. The 
open aperture configuration was used to detect the saturable absorption 
signal. The maximum power density is ~3.0 GW/cm2.  
A homemade fitting program by Matlab was utilized to fit the Z-scan data. 
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Where 𝑄(𝑧) = 𝑒𝑥𝑝[𝛼0𝐼0𝐿𝑒𝑓𝑓 (𝐼 + 𝐼𝑠)⁄ ],  𝑞0(𝑧) = 𝛽𝐼0𝐿𝑒𝑓𝑓/(1 +
𝑧2
𝑧0
2) 𝐿𝑒𝑓𝑓 = [1 −
𝑒𝑥𝑝(−𝛼0𝐿)}/𝛼0  and the Rayleigh distance 𝑧0 = 𝜋𝜛0
2/𝜆 . The details has 
been discussed in chapter 2 (18, 19).  
6.3 Results and discussion 
 The crystal structure of MNbO3 thin films grown on LSAT 
substrates 
Fig. 6.2 shows the X-ray diffraction -2 spectra and rocking curves of 
MNbO3 thin films grown on LSAT(001) substrates. As we can see in this 
figure, two strong peaks of out-of-plane (001) and (002) lattice planes in 
CaNbO3 and SrNbO3 thin films can be observed, which is near the out of 
plane (001) and (002) peaks of LSAT substrates. It means that the thin films 
grew epitaxially along the c-axis of substrate. It should be noted that the 
intensity of (001) peak in CaNbO3 thin film is much higher than that of the 
(002) peak, unlike SrNbO3 of which the intensity of (002) peak is higher than 
(001) peak. However, only one weak peak of (002) lattice plane can be 
observed in the BaNbO3 thin film. The lattice constant of CaNbO3, SrNbO3 
and BaNbO3 thin films are 3.951 Å, 4.095 Å and 4.162 Å, respectively. The 
lattice constant of SrNbO3 and BaNbO3 are a little larger than that of their 
bulk form (a = 4.023 Å for SrNbO3 and a = 4.093 Å for BaNbO3 in a 
pseudocubic approximation) (20-22). It shows that due to the large lattice 
mismatch between LSAT substrate (a=3.868 Å) and films, a strain effect 
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exists to enlarge the lattice constant along c-axis. This strain effect has been 
observed in the SrNbO3 thin film on LaAlO3 (001) substrate as reported in 
chapter 3. On the other hand, the lattice constant of CaNbO3 is smaller than 
that of its bulk form, the reason of which is not very clear.  
In the rocking curves, The FWHM values of CaNbO3, SrNbO3 and BaNbO3 
are 0.66, 0.41 and 1.87, respectively. The crystallinity of CaNbO3 and 
SrNbO3 are very good compared with that of BaNbO3. 
 
Fig. 6.2 The X-ray diffraction spectra of -2 scan of MNbO3. The label  and 
 are the (001) peak and (002) peak of lattice plane of MNbO3 thin films, 
respectively. The inset is the rocking curves of (002) lattice plane peak. 
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To explore the nonlinear optical property of MNbO3, the steady state 
absorption spectra of MNbO3 were measured by UV-Visible-NIR 
spectroscopy. Fig. 6.3 shows the UV-Visible-NIR transmittance spectra of 
MNbO3 (M=Ca, Sr, Ba). The blue, red and green lines are the transmittance 
spectra of CaNbO3, SrNbO3 and BaNbO3, respectively. As we can see in 
this figure, the transmittance percentage of the light with wavelength from 
330 nm to 450 nm is above 50%. However, below 10% of the photons in 
the infrared range (above 800 nm) can transmit through these thin films. 
The reason may be due to the absorption or reflection of these thin films, 
which will be discussed further in following section. The peaks near 300 nm 
and 500nm in the transmittance spectra of CaNbO3 and SrNbO3 are the 
significant features of the interference phenomenon. Because the thickness 
of CaNbO3 and SrNbO3 thin films are 112.74 nm and 150.73 nm, 
respectively, and the light beam is almost normally incident on to the sample 
surface, the optical path difference (Δopd) between the direct transmittance 
light and the transmittance light reflected by top and bottom interfaces of 
thin film (The phase shift induced by the reflection of interface should be 
considered, the thickness of the substrate (0.5 mm) is too large to induce 
the interference phenomenon) is: 
 ∆𝑜𝑝𝑑= 2𝑛2𝑑 +
𝜆
2
  (5.2) 
where n2 and d are the refractive index and thickness of thin film, 
respectively. The interference pattern will be formed if Δopd is equal to an 







 (𝑘 = 1, 2, 3,⋯ ) (5.3) 
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the interference phenomenon can occur. Because the refractive index of 
thin films (n2  1.0~1.5) is smaller than that of LSAT substrate (n = 2.024) 
(23),  
 
Fig. 6.3 The UV-Visible-NIR transmittance spectra of MNbO3. The blue, red 
and green line are the spectrum of CaNbO3, SrNbO3 and BaNbO3, respectively. 
The interference feature can be observed in the spectra of CaNbO3 and 
SrNbO3. The transmittance percentage value at 800nm of CaNbO3, SrNbO3 
and BaNbO3 are 12.506%, 14.895% and 5.896%, respectively, which are 
labelled in this figure. 
when k is an odd integer, there will be a constructive interference in the 
transmittance light, while when k is an even integer, there will be a 
destructive interference in the transmittance light. Thus the peak-like 
oscillations near 600 nm is due to the constructive interference and the 
oscillations near 300 nm is due to the destructive interference. The reason 
why we cannot find such features in the transmittance spectrum of BaNbO3 
thin film may be attributed to a rough surface of BaNbO3. 


























Fig. 6.4 The Tauc plot of the transmittance spectra of MNbO3. The x-
intercepts shown inside the figure near x-axis reveal the bandgap of CaNbO3, 
SrNbO3 and BaNbO3 which are 3.54 eV, 3.52 eV and 3.26 eV, respectively. 
A very sharp absorption edge near 300nm can be seen in all the spectra of 
MNbO3 which can be attributed to the bandgap absorption. Based on this 
absorption edge, the optical bandgap of all these materials can be 
determined by Tauc plot fitting method. The bandgap of MNO3 are 3.54 eV, 
3.52 eV and 3.26 eV, respectively, as shown in Fig. 6.4. It is noted that the 
bandgaps of CaNbO3 and SrNbO3 are similar with each other, which is 
consistent with the DFT calculation result in chapter 3 (page 85) and 
ellipsometry spectrum in chapter 5 (page 114) in which the bandgap 
absorption transition is mainly due to the O-2p  Nb-4d transition. The 
relative low bandgap of BaNbO3 thin film may due to high density state of 
defect states induced by the poor film quality. 
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 The electrical transport property of MNbO3 thin films grown on 
LSAT substrates 
The electrical transport property of MNbO3 thin films grown on LSAT 
substrates is also studied in this work. Fig. 6.5 shows the resistivity of 
MNbO3 as a function of temperature. Both the resistivities of CaNbO3 and 
SrNbO3 increase as the increasing temperature which show a metallic 
behavior. This suggests that the Fermi level is degenerate in the conduction 
band levels of CaNbO3 and SrNbO3.  
 
Fig. 6.5 The temperature dependent resistivity curves of CaNbO3 (red line) 
and SrNbO3 (green line). Both of them show the metallic behavior. The inset 
is also the temperature dependent resistivity curve of BaNbO3 (black line) 
which shows a metal to insulator transition phenomenon 
However, a significant metal-to-insulator transition (MIT) can be observed 
in the curve of resistivity of BaNbO3 versus temperature. This may be due 
to the relatively low quality of the BaNbO3 thin film grown on LSAT substrate 












































because of the large lattice mismatch between BaNbO3 thin film and LSAT 
substrate.  
The temperature dependent carrier density and mobility are shown in Fig. 
6.6. The carrier mobilities of all these films are normal and decrease with 
increasing temperature except for BaNbO3 of which the mobility is much 
smaller than that of other two niobates and increases first and then 
decreases with increasing temperature. However, the carrier densities of all 
these niobates are extremely large, the magnitude of carrier densities of all 
these niobates are at the order of 1022 cm-3, thus the high conductivity of 
MNbO3 are mainly due to the large carrier density, which is similar with that 
of metal. The low mobility in alkaline earth niobates may be due to the 
strong electron-electron scattering effect. Because of the extremely large 
carrier density which is only one order smaller than that of elemental metal, 
the plasmon resonance should also exist in MNbO3 thin films grown LSAT 
substrates. All of them increase with increasing temperature.  
 The nonlinear optical properties of MNbO3 thin films grown on 
LSAT substrates 
Fig. 6.7 shows the normalized open aperture Z-scan results of CaNbO3, 
SrNbO3 and BaNbO3. The excitation light wavelength is 800 nm with a peak 
on-axis irradiation power density I0 of 2.9 ,2.9 and 2.8 GW/cm2 for CaNbO3, 
SrNbO3 and BaNbO3, respectively. As we can see in this figure, all the 
niobates show a very significant saturable absorption feature and the 
experimental data can be well fitted based on equation (5.1), as shown in 
the blue line. The saturable absorption property of MNbO3 should be 
attributed to ground state bleaching. The excitation light of 800 nm is at the 
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edge of the plasmon absorption band of MNbO3 thin films (24). Another 
possible case is that the plasmon peak of MNbO3 will have a red shift 
because of the strain effect between the film and substrate, which requires 
needed further study (25, 26). When the sample moves into the laser focal 
spot, the depletion of ground state will induce the increasing intensity of 
transmittance excitation beam. 
 
Fig. 6.6 The temperature dependent carrier density (n) and mobility () of 
CaNbO3 (red), SrNbO3 (green) and BaNbO3 (blue). The x-axis (temperature) 
is in the logarithmic scale. All the carrier density of three kinds of MNbO3 are 
extremely large, of which the order is 1022 cm-3. 
Table 6.1 shows the saturable intensity (Is) and two-photon absorption 
coefficients () of CaNbO3, SrNbO3 and BaNbO3 thin films grown on LSAT. 
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The saturable intensity of CaNbO3, SrNbO3 and BaNbO3 are 91017, 
7.51017, 2.81017 GW/cm2 for 800 nm excitation laser, respectively. They 
are quite large compared with other material (27-29). The saturable 
absorption property of niobates thin films determines their potential 
application as saturable absorbers in intense laser mode-locking.  
 
Fig. 6.7 The normalized open aperture Z-scan results of CaNbO3 (a), SrNbO3 
(b) and BaNbO3 (c). The black dots are the measurement results; the blue lines 
are the fitting curves based on formula (5.1). The excitation light wavelength 
is 800 nm with a power density of 2.8~2.9 GW/cm2. 
Table 6.1 The saturation intensity (Is) and nonlinear absorption coefficients () 
for CaNbO3, SrNbO3 and BaNbO3 thin films grown on LSAT (100) substrates.  
Sample Is (GW/cm2)  (cm/W) 
CaNbO3 91017 6.8410-21 
SrNbO3 7.51017 3.8510-22 





All the alkaline earth niobates thin films grown on LSAT show a significant 
saturable absorption nonlinear optical properties. The saturable intensity of 
CaNbO3, SrNbO3 and BaNbO3 are 91017, 7.51017 and 2.81017 GW/cm2 
for 800 nm excitation laser, respectively. Since the plasmon resonance 
should exist because of the extremely large carrier densities of all MNbO3 
(1022 cm-3), the saturable absorption property can be attributed to the 
bleaching absorption of the ground state plasmon absorption band. 
Because of the observed saturable absorption property, MNbO3 may have 
potential application as the saturable absorber in the field of high power 
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Chapter 7 Strain-induced metal to insulator transition in 
thin film of SrNbO3 
7.1 Introduction 
The strain induced effect on transport properties was first reported in the 
early 1980s that the carrier mobility can be enhanced in n-type multilayer 
heterostructures of Si-Si1-xGex alloy films on (100) Si by Manasevit et al and 
p-type (100) Si/i-Si1-xGex/Si double heterostructures by R. People et al (1, 
2). The source of strain can be various including photon-induced vibrations 
in homogeneous semiconductors, lattice mismatch during film growth in 
epitaxial heterostructures or between substrate and film, intrinsic stress and 
applied external stress (3). The strain can induce a variation in the 
fundamental physical properties of one material, such as the crystal phase, 
band structure, electrical transport property, and even the critical 
temperature (Tc) of a superconductor. Currently, strain induced effect is the 
basic principle of the strain sensor and widely applied in the field of civil 
engineering to measure small movements and in microelectromechanical 
systems. 
Though strain is a relatively old topic, the new interesting strain-induced 
physical phenomenon in material science has attracted a renewed attention 
in this field, especially for its effect on the band structure and carrier 
transport property (3-9). The following are some recently reported research 
works on the strain-induced effect. In 2014, theoretical calculation indicated 
that the deformation in the direction normal to the plane induced by the 
strain could be used to change the bandgap size and cause a 
semiconductor-metal transition of black phosphorus (6). P. Sinha, et al from 
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University of Leeds found that the strain due to the lattice mismatch 
between the 𝜖 − 𝐹𝑒1−𝑥𝐶𝑜𝑥𝑆𝑖 epilayer and silicon (111) substrate could also 
induce a phase transition of the film from cubic B20 lattice to rhombohedral 
(4). Sajedeh Manzeli from Switzerland reported that the bandgap of MoS2 
could be tuned by the strain induced by atomic force microscopy (AFM) and 
resulting in the modulation of the resistivity which also manifested as the 
piezoresistive effect (10). In 2016, it was reported by Yanfei Wu, et al in 
Nature Communication that the strain could tune the work function of 
rubrene single crystal which is an organic semiconductor (7). The work 
function of rubrene would increase significantly with in-plane tensile strain 
and decrease with the in-plane compressive strain. This was the first work 
to provide a concrete link between mechanical strain and work function of 
an organic semiconductor.  
It would be very interesting to study the property and structural evolution on 
a substrate with a large lattice mismatch. In this chapter, we will present a 
work on the strain-induced metal to insulator (MIT) transition phenomenon 
of SrNbO3 thin films. We prepared SrNbO3 thin films with different 
thicknesses on LaAlO3 substrates because the strain of SrNbO3 thin film 
can relax with its thickness. The XRD spectra clearly indicates a strain 
relaxation process which proved that strain exists in SrNbO3 thin films. The 
temperature dependent resistivity curves show a clear metal to insulator 
transition as the thickness of thin films increases. This can be attributed to 
the change of band structure in SrNbO3. We also deposit SrNbO3 on various 
substrates to study the relationship between intensity of strain and the film’s 
conductive behavior as a function of temperature. This will help us better 
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understand the band structure of SrNbO3 and the strain effect on the 
electrical transport property of plasmon oxide materials. 
7.2 Experimental procedure 
In this chapter, the SrNbO3 thin films with different thickness were deposited 
on various substrates including LaAlO3 (100), LSAT (100), MgO (100) by 
pulsed laser deposition where a Lambda Physik Excimer KrF UV laser with 
248 nm wavelength was used. The size of these substrates is 5 mm  5 mm 
 0.5 mm. All these thin films were deposited at 760°C, with a laser energy 
density of 2 J/cm2 and oxygen partial pressure of 3 × 10-6 Torr.  
The crystal structure of SrNbO3 thin film was characterized by X-ray 
diffractometry and development (XDD) beamline at the Singapore 
Synchrotron Light Source (SSLS). The diffractometer is the Huber 4-circle 
system 90000-0216/0, with high-precision 0.0001° step size for omega and 
two-theta circles. The storage ring, Helios 2, was running at 700 MeV, 
typically stored electron beam current of 300 mA. Incident X-ray beam was 
conditioned to select 8.0486 keV photons (wavelength 1.5404 Å equivalent). 
Such set-up yielded an incident X-ray beam with about 0.006° in vertical 
divergence. The 002 peaks of thin films and substrates were measured by 
-2 scan to study the strain effect on SrNbO3 thin films.  
The temperature dependent resistivity, Hall carrier density and mobility 
were measured by Physical Property Measurement System (PPMS, 
Quantum Design Inc.). The detail of electrical transport measurement has 
been discussed in chapter 2. 
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7.3 Results and discussion 
 The lattice mismatch between SrNbO3 and various substrates 
To study the strain-induced effect on SrNbO3 thin film, we selected some 
commonly used substrates including LaAlO3 (100), LSAT (100), MgO (100). 
The lattice constant of bulk SrNbO3 is 4.023 Å in a pseudocubic 
approximation. Thus the lattice mismatch between SrNbO3 and the selected 




× 𝟏𝟎𝟎%   (6.1) 
Where f is the lattice mismatch between SrNbO3 and substrate, aSrNbO3 is the 
lattice constant of SrNbO3, asubstrate is the lattice constant of substrate.  
Table 7.1 The values of lattice constant of some commonly used substrates and 
lattice mismatch between SrNbO3 and substrate. 
Substrate Lattice constant Lattice mismatch 
LaAlO3 (100) 3.791 -5.77% 
LSAT (100) 3.868 -3.85% 
MgO (100) 4.212 4.70% 
SrTiO3 (100) 3.905 -2.93% 
DyScO3 (110) 3.944 -1.96% 
The calculation results are shown in Table 6.1. As we can see in this table, 
the absolute lattice mismatch values of most substrates except DyScO3 
(110) (mismatch=-1.96%) are larger than 2% which is very large. The 
absolute value of lattice mismatch between SrNbO3 and LaAlO3 is the 
largest one among that of these substrates (mismatch = -5.77%). The 
negative value of lattice mismatch indicates that an in-plane compressive 
strain would exist in SrNbO3 thin film. The lattice mismatch between MgO 
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(100) and SrNbO3 is positive (mismatch = 4.7%), which means an in-plane 
tensile strain would exist in SrNbO3 thin film. The absolute value of lattice 
mismatch between DyScO3 (110) and SrNbO3 is the smallest one in these 
substrates (mismatch = -1.96%), thus the intensity of strain in SrNbO3 thin 
film grown on DyScO3 (110) should be the weakest one. However, due to 
the paramagnetic property of DyScO3, the Hall carrier density and mobility 
are hard to measure. The SrTiO3 (100) substrate was not used because the 
deposition pressure of SrNbO3 is 310-6 Torr in which the SrTiO3 will have 
a large amount of oxygen vacancies and thus become conductive. 
Fig. 7.1 shows the -2 scan of XRD spectra of SrNbO3 thin films with the 
thickness of 5, 8, 10 and 15 nm deposited on LaAlO3 (100) substrates. 
Though there is a large amount of twining defects in LaAlO3 surface, the 
fringe of Laue oscillations exists near the 002 peak of 10 and 15 nm thick 
SrNbO3 thin films. Because Laue oscillations are very sensitive to crystalline 
disorder this suggests a high crystalline quality of these thin films (11-13). 
The weak intensity of 002 peaks in the 5 and 8 nm thick thin films may be a 
result that the film thickness is too small for the detector to collect enough 
counts. An obvious shift of SrNbO3 film’s 002 peaks can be observed.  
Fig. 7.2 (a) shows the -2 scan of XRD spectra of 5, 8, 10 and 15 nm thick 
SrNbO3 thin films deposited on LSAT (100) substrates. Because the lattice 
mismatch between SrNbO3 and LSAT (100) is much smaller than that 
between SrNbO3 and LaAlO3 (100) and there is no twinning defect in LSAT, 
the crystallinity of SrNbO3 would have a better quality and thus the spectra 




Fig. 7.1 The -2 scan of XRD spectra of SrNbO3 thin films with thickness of 
5, 8, 10 and 15 nm. The films were deposited on LaAlO3 100 substrates at 
760°C and 310-6 mbar. The dash lines show the central position of 002 peak 
of SrNbO3 films. An obvious shift of 002 peak can be observed due to the strain 
relaxation in SrNbO3 thin films. The rough Laue oscillation also exist in the 
spectra with the thickness of 10 and 15 nm. 
Fig. 7.2 (b) shows the -2 scan of XRD spectra of 5, 8, 10 and 15 nm thick 
SrNbO3 thin films deposited on MgO (100) substrates. The lattice constant 
of MgO (100) is 4.212 Å which is larger than that of SrNbO3. Thus the 002 
peak of SrNbO3 thin film is on the right side of MgO 002 peak. Unlike the 
films deposited on LaAlO3 (100) and LSAT (100), the 002 peak would shift 
to higher angle with the increasing thickness. Thus the out-of-plane lattice 
constant of SrNbO3 decreases when the film become thicker because of the 
strain relaxation process of the tensile strain in SrNbO3 thin films. However, 
the crystallinity of SrNbO3 is not very high because we cannot observe the 
Laue oscillations and the intensity of 002 peak is relatively low. 



















Fig. 7.2 The -2 scan of XRD spectra of 5, 8, 10 and 15 nm thick SrNbO3 thin 
films (a) deposited on LSAT (100) substrates  and (b) 5, 8, 10 and 15 nm thick 
SrNbO3 thin films deposited on MgO (100) substrates (b). All the films were 
deposited at 760°C and 310-6 Torr. The dashed lines show the central position 
of films’ 002 peaks. An obvious shift of 002 peak can be observed due to the 
strain relaxation in SrNbO3 thin films. The Laue oscillation can also be 
observed in the spectra of SrNbO3 thin films grown on LSAT (100) substrates 




Fig. 7.3 The films’ lattice constant as a function of the thickness of SrNbO3 
deposited on LaAlO3 (100) and LSAT (100). The lattice constant is 
proportional to films’ thickness and can be well fitted by linear model which 
indicates existence of an in-plane compressive strain. The 5 nm thick film’s 
lattice constant is a rough estimation because of the weak intensity of 002 peak. 
The lattice constant of SrNbO3 thin film as a function of the film’s thickness 
is shown in Fig. 7.3. The lattice constant is proportional to films’ thickness 
and can be well fitted by linear model which clearly shows an in-plane 
compressive strain relaxation process. For films grown on LaAlO3 (100) 
substrates, the lattice constant can increase to 4.012 Å when the thickness 
is 15 nm which is very close to the bulk lattice constant of SrNbO3 (4.023 Å) 
which suggests that the strain-induced effect would become very weak for 
thick film with thickness larger than 15 nm. The lattice constant of 5 nm 
SrNbO3 film is roughly estimated because the intensity of its 002 peak is too 
weak to find the peak’s precise central position. Though the lattice mismatch 
between LSAT and SrNbO3 is smaller than that between LaAlO3 and 
SrNbO3 and the lattice constant of LSAT is larger than that of LaAlO3, the 
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lattice constant of SrNbO3 film on LSAT (100) is smaller than that on LaAlO3 
(100) with the same thickness which shows that the strain intensity of 
SrNbO3 films on LSAT (100) is higher than that on LaAlO3 (100).  
 The strain-induced effect on the electrical transport behavior of 
SrNbO3 thin films 
The temperature dependent resistivity, carrier density and mobility of 
SrNbO3 thin films grown on LaAlO3 (100) substrates are shown Fig. 7.4 (a), 
(b) and (c), respectively. In Fig. 7.4 (a), the resistivity would increase with 
decreasing temperature if the film’s thickness is 5 nm and 8 nm and 
decrease when the film’s thickness is 15 nm. Thus, the SrNbO3 shows an 
insulator or semiconductor behavior when the thickness is below 10 nm 
which is due to the strain and a metallic behavior when the thickness is 
above 10 nm which may be a result that the strain has almost been relaxed. 
A significant MIT transition can be observed in the temperature dependent 
resistivity curve of 10 nm thick SrNbO3 thin film and the MIT transition 
temperature is 116.2 K. In Fig. 7.4 (b) and (c), both the carrier density and 
mobility would increase when thickness of SrNbO3 film increases. The 
increment of carrier density is much larger than that of carrier mobility 
because carrier density in the 15 nm thick SrNbO3 film is almost one order 
of magnitude larger than that in the 5 nm thick SrNbO3 film while the mobility 
in the 15 nm thick SrNbO3 film is only about 2.5 times larger than that in the 




Fig. 7.4 The temperature dependent (a) resistivity , (b) carrier density and  (c) 
mobility of SrNbO3 thin film with thickness from 5 to 15 nm deposited on 
LaAlO3 (100) substrates. The critical thickness of metal  to semiconductor 
phase transition for SrNbO3 thin films grown on LaAlO3 (100) is 10 nm. 
As we have discussed in chapter 2, the Fermi level of SrNbO3 is degenerate 
in the conduction band and thus the bulk SrNbO3 shows a metallic behavior, 
Thus the phenomenon of the carrier density and mobility described in Fig. 
7.4. suggests that the electron density in conduction band would decrease 
and the Fermi level may fall below the conduction band. This indicates that 
the in-plane tensile strain would not only affect the crystal structure of 
SrNbO3, but also to the band structure leading to a position variation of 
Fermi level.  
Compared with LaAlO3 (100) substrate, the lattice mismatch between 
SrNbO3 and LSAT (100) substrate is relatively small (mismatch = 3.85%). 
Thus we can compare the strain-induced effect with different lattice 
mismatch. Fig. 7.5 shows the resistivity, carrier density and mobility as a 
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function of temperature with different film thickness deposited on LSAT (100) 
substrates. The 5 nm thick SrNbO3 thin film shows a semiconductor 
behavior while the 10 nm thick SrNbO3 thin film shows a metallic behavior. 
 
Fig. 7.5 The temperature dependent (a) resistivity, (b) carrier density and (c) 
mobility of SrNbO3 thin film with thickness from 5 to 15 nm deposited on 
LSAT (100) substrates. The critical thickness of metal to semiconductor phase 
transition for SrNbO3 thin films grown on LSAT (100) is 8 nm 
The MIT transition can be observed in the 8 nm thick SrNbO3 thin film and 
the transition temperature is 126.2 K. The critical thickness of metal phase 
to semiconductor phase transition for SrNbO3 thin films grown on LSAT 
(100) substrate is 8 nm which is thinner than that of film grown on LaAlO3 
(100) substrate. This can be a result of smaller lattice mismatch, no twining 
defects and higher quality of film’s crystallinity in SrNbO3 / LSAT (100) 
samples. This indicates that the crystal quality may also play an important 
role in the thickness dependent phase transition process of SrNbO3 




Fig. 7.6 The temperature dependent resistivity of SrNbO3 thin films deposited 
on MgO (100) substrates.  
The strain can also exist in SrNbO3 thin film deposited on MgO (100) 
substrate (lattice mismatch = 4.70%). Fig. 7.6 shows the temperature 
dependent resistivity of SrNbO3 thin film with the thickness of 5, 8, 10 and 
15 nm. The films would show a semiconductor behavior when the film is 
very thin and then it will show a transition to a metallic behavior when the 
film become thicker. However, the critical thickness of the transition from 
semiconductor phase to metallic phase is roughly 12~13 nm (estimated 
based on the curves shown in Fig. 7.6) which is larger than that of SrNbO3 
thin film deposited on LaAlO3 (100) and LSAT (100).  
7.4 Conclusion 
To study the strain-induced effect in SrNbO3, we prepared the SrNbO3 thin 
films with different thicknesses deposited on LaAlO3 (100), LSAT (100), 
MgO (100) substrates. The in-plane tensile strain can be observed in the 
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films deposited on LaAlO3 (100) and LSAT (100) substrates and the in-
plane compressive strain can be observed in the films deposited on MgO 
(100) substrate. The strain-induced effect due to the compressive strain 
seems larger than that induced by tensile strain. The strain can change the 
lattice constant of SrNbO3 and this may change the energy band structure 
of SrNbO3 and the position of Fermi level. Thus, the metal to insulator 
transition may be a result of position variation of the Fermi level that falls 
from conduction band to somewhere below the conduction band. This work 
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Chapter 8 Summary and future work 
8.1 Summary 
In this thesis, the crystal structure, electronic property, optical absorption 
property, hot carrier dynamics, nonlinear optical property and strain-induced 
metal to insulator transition of alkaline niobate (MNbO3) have been explored 
by various advanced experimental techniques. In this chapter, a summary 
of the above work will be presented and an outlook of future work will also 
be discussed. 
 The origin of photocatalytic property of SrNbO3 - A Plasmonic 
Water Splitter 
SrNbO3, a red colored metallic oxide,is a novel water splitting photocatalyst. 
(1, 2). In this thesis, we prepared high quality single crystal thin films of 
SrNbO3, so that we can study the intrinsic physical and chemical property 
of this material to reveal the mechanism of photocatalytic water splitting by 
this novel plasmonic photocatalyst. The temperature dependent resistivity 
shows a metallic behavior and the carrier density of SrNbO3 is extremely 
large (~1022 cm-3) while the carrier mobility is normal and is only 2.47 
cm2/(V∙s). The electrical property of SrNbO3 is very similar to that of metal. 
Unlike the previous reported interband transition model (2-4), we proposed 
that the photocatalytic water splitting process is mainly driven by hot carriers 
generated by the intrinsic plasmon resonance in this material. By analyzing 
the refractive index and dielectric coefficient measured by spectroscopic 
ellipsometry, the plasmon resonance can be observed and the plasmon 
peak is at 688nm. The UV-Visible absorption spectrum shows that SrNbO3 
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has an optical bandgap of ~4.1 eV by Tauc plot and a plasmon absorption 
peak near 700nm by Drude-Lorentz model. The carrier dynamics was also 
studied by transient absorption spectroscopy. The transient absorption 
spectra show a clear decay process of the plasmon in the first few hundred 
femtoseconds and then the long lifetime of the decay process of hot carriers 
which is about 500 ps. The lifetime of hot carrier can be enhanced with the 
plasmon resonance, which can enhance the photocatalytic activity of 
SrNbO3. Thus we can conclude that the hot carriers are generated by the 
decay of plasmon when SrNbO3 is under irradiation and SrNbO3 is a 
plasmon-assisted photocatalyst.  
 The photocatalytic properties of MNbO3 
In this work, the photocatalytic efficiencies of alkaline earth niobates with 
different A cations were compared. The high quality thin films of CaNbO3, 
SrNbO3 on LaAlO3 (100) and BaNbO3 on LaAlO3 (110) were deposited. We 
found that the water splitting efficiencies follow the sequence of CaNbO3 > 
SrNbO3 > BaNbO3. The curves of temperature dependent resistivity show 
that all these MNbO3 are metallic oxide. The colour of CaNbO3, SrNbO3 and 
BaNbO3 are dark blue, red and brown, respectively. The mobilities of 
MNbO3 epitaxial films are normal, however, their carrier densities are 
extremely high (~1022 cm-3) and only one order smaller than that of metal. 
Thus the plasmonic resonance should exist in such materials which can be 
proved by Drude-Lorentz model fitting of the optical reflection spectra 
measured by the UV-Visible-NIR spectroscopy. Thus we can conclude that 
the hot carriers in all MNbO3 are generated by the decay of plasmonic 
resonance because only the plasmonic resonance absorption peaks of 
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MNbO3 exist in the visible range. Taking surface area into consideration, 
the photocatalytic efficiencies are consistent with the product of hot carrier 
lifetime, solar energy absorption and surface area. Thus, we can conclude 
that the above three parameters are dominant factors that affect 
photocatalytic activities of MNbO3 materials. 
 The nonlinear optical properties of MNbO3 
To study the nonlinear optical property of MNbO3, we performed single 
beam open aperture Z-scan measurement on the MNbO3 thin films 
deposited on LSAT (100) substrates by pulsed laser deposition. The 
wavelength of excitation laser which is generated by femtosecond laser 
system is 800 nm. The CaNbO3 and SrNbO3 thin films grown on LSAT show 
a metallic behavior in the curve of resistivity as a function of temperature, 
while the BaNbO3 thin film show a metal to insulator transition behavior 
which may be due to the large lattice mismatch with substrate. All the 
alkaline earth niobates thin films show a significant saturable absorption 
nonlinear optical property. The saturable absorption intensity of CaNbO3, 
SrNbO3 and BaNbO3 are 91017, 7.51017 and 2.81017 GW/cm2 for 800 
nm excitation laser, respectively. Since the plasmon resonance exists 
because of the extremely large carrier densities of all MNbO3 (1022 cm-3), 
the saturable absorption property can be attributed to the bleaching of the 
absorption of the ground state absorption. Therefore, MNbO3 thin films may 
have potential application as saturable absorber in the field of ultrashort 
pulsed laser technique.  




During the previous work, we found that the thickness of SrNbO3 thin films 
deposited on LaAlO3 (100) can affect the transport behavior of SrNbO3. In 
order to have a comprehensive understanding of this phenomenon, we 
deposited SrNbO3 with different thickness on various substrates including 
LaAlO3 (100), LSAT (100) and MgO (100). The film’s crystal quality of 
SrNbO3 thin films was characterized by X-ray diffraction. The metal to 
insulator transition occurred with decreasing thickness in all SrNbO3 thin 
films when the film’s thickness is around 10 nm. However, because the 
different intensity of strain induced by different substrates with various 
lattice constants, the critical thicknesses for the MIT transition in SrNbO3 
thin film are different for different substrates. This suggests that the strain 
can affect the band structure and electron distribution near the Fermi level 
of SrNbO3. Hence MNbO3 can have potential application in the field of 
microelectromechanical systems to measure strain induced by force, 
acceleration and pressure. 
8.2 Future Research  
Although alkaline earth niobates have shown rich physical and chemical 
phenomenon and potential for application in this thesis, some physical 
phenomenon and chemical dynamics still need further study to clearly 
understand the whole picture. Here are some projects that need further 
investigation. 
1. The chemical dynamics of plasmon decay and hot carrier 
transfer processes in MNbO3. In our presented work, the decay of 
plasmon and hot carrier thermal relaxation processes have been 
investigated. However, it is still not very clear how the energy of 
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plasmon can be transferred to hot carrier. Usually, the plasmon-
driven chemical reaction can be divided into two classes: phonon-
driven chemical reaction and charge-carrier-drive reaction (5). Thus 
we need to understand which type it is for the SrNbO3 plasmon-
assisted photocatalyst and the detailed energy transfer process. 
2. Enhanced photocatalytic water splitting efficiency by tuning the 
plasmon resonance. Because we have proved that MNbO3 are 
plasmon-assisted photocatalysts, the photocatalytic efficiencies of 
MNbO3 can be enhanced if we can tune the intensity or the peak 
position of plasmon absorption. For example, though the plasmon 
peaks of MNbO3 are still in the visible range, it is too close to the IR 
range and cannot absorb too much solar energy under solar 
irradiation. If we can move the plasmon peak to 600 nm or even 550 
nm, the energy it can absorb will increase much more. What’s more, 
the material with a plasmon resonance peak in the visible range 
would have a wide technical application in industry. 
3. The strain-induced effect in MNbO3 thin films. The strain induced 
metal to insulator transition effect has been demonstrated in this 
thesis. However, there are still other aspects of strain-induced effect 
that can be studied. For example, as the strain can affect the band 
structure or electron distribution near the Fermi level, maybe it can 
also have an effect on the peak position or intensity of plasmon, the 
saturated absorption intensity or the hot carrier lifetime. Thus it 
would help us to understand the interaction between the strain and 
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Appendix I Derivation of correction equations of transient 
absorption signal 
The whole deduction step of the correction method will be discussed below. 
Before that, some important parameters should be defined, the below is the 
list: 
1. Probe signal real pure value: P0  
2. Probe signal measured value: P 
3. Probe signal value at -10ps: P-10  
4. Probe reference value: R 
5. Probe reference real value: R0 
6. Probe reference value at -10ps: R-10 
7. Pump reference value: Pm 
8. Pump reference real value: Pm0  
9. Pump reference value at -10ps: Pm-10   
10. Absolute signal real value without pump: A0 
11. Absolute signal value that would be measured without pump: A 
12. Absolute signal value at -10ps: A-10 
13. Absolute signal real value with pump: A0’ 
14. Absolute signal value that would be measured with pump: A’ 
15. Signal of LIA #11 measured value: AS 
16. Signal of LIA #11 real value: AS0 
17. Signal of LIA #11 at -10ps: AS-10 
18. The relative signal intensity change: ΔI/I 
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Then if we consider the measured values at -10ps delay time is the standard 
value for pump and probe reference, thus 𝑃𝑚−10 = 𝑃𝑚0; 𝑅−10 = 𝑅0;𝐴𝑆−10 =
𝐴−10 = 𝐴0  
Obviously 








𝐴′ = 𝐴 + 𝑃;  𝐴0
′ = 𝐴0 + 𝑃0 
Since AS0 is produced by LIA #11, the integrated time is 30 ms (much larger 
than 1 ms, 1 kHz of the signal frequency), so it is the average value of A0 
and A0’. 








If the energy fluctuation of pump pulse and probe pulse are considered, we 
can get 


























Thus, because 𝐴𝑆−10 = 𝐴−10 = 𝐴0, the relative signal intensity change is 







































  (AI.1) 


























  (AI.2) 
By integrate the equation AI.1 and A!.2 into the algorithm principle of control 
vi, the measurement can be carried out much more precisely compared with 




Appendix II Surface area calculation: 
For the specific quantity of one material, the surface area is 
  (AII.1) 
The m and ρ are the mass and mass density of this material, respectively. 
• With the XRD data, we can know the lattice constant c, so the molar 
volume is 
 𝑉𝑚 = 𝑐
3𝑁𝐴 (AII.2) 
The NA is the Avogadro constant, which is equal to 6.022140857(74) × 
1023mol−1. So the mass density ρ is 
  (AII.3) 
• The specific surface area per unit volume is 
  (AII.3) 
The S and V are the surface area and the volume of specific quantity of 
some material, respectively. 
With the particle size data, we can know the unit volume is 
  (AII.4) 
And the surface area of this unit volume is 
  (AII.5) 
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In which, the a1, a2, ···, an are the percentages of particles with the size of 
d1, d2, ···, dn. So the specific surface area per unit volume is 
  (AII.6) 
So the surface area of the material with the specific mass m is 
   (AII.7) 
 
 
